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ABSTRACT

Running the Cañons of the Rio Grande: Part 2
Boquillas Canyon, Texas and Coahuila

by

Todd L. Blythe, Master of Science
Utah State University, 2018

Major Professor: Dr. John C. Schmidt
Department: Watershed Sciences
The Rio Grande, called the Rio Bravo in Mexico, is one of North America’s
iconic rivers. For over a century, large depletions in stream flow due to agricultural
irrigation have altered the natural flow regime of the Rio Grande causing progressive
narrowing of the channel. This narrowing has been linked to loss of critical aquatic
habitat and has created the need for greater scientific understanding of geomorphic and
hydrologic changes, especially in regions with high conservation potential such as the
Big Bend on the lower Rio Grande. The physiographic template of the Rio Grande in the
Big Bend is best described as alternating canyons and alluvial segments. Previous
research in the alluvial segments has determined that short-duration tributary floods are
the cause of channel narrowing, because they supply excess sediment to the Rio Grande.
Large catastrophic floods counteract narrowing by removing excess sediment and
restructuring the geomorphic template of the river. However, previous studies did not
estimate the natural flow regime of the Rio Grande, and thus the natural sediment
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transport capacity. Nor did these studies describe narrowing in the canyons, which is
important for understanding the effectiveness of sediment management strategies in
canyon versus alluvial segments. Using a novel approach for estimating natural flows, we
showed that the modern total annual flow of the Rio Grande in the Big Bend is 76% less
than it would be in the absence of human use. Flood magnitude, duration, and frequency
have also been significantly altered. The most important alteration to the flow regime was
the complete elimination of the snowmelt flood that would have occurred annually.
Studying an undescribed canyon segment of the Rio Grande, we observed that channel
narrowing began in the canyons before the alluvial valleys as the flow regime was altered
during the early 20th century and that today, large catastrophic floods do not restructure
the channel, as is the case in the alluvial valleys. Thus, the effectiveness of floods at
shaping the channel and floodplain in the Big Bend region has changed through time, and
the channel has responded differently between alluvial and canyon bound river segments.
(210 pages)
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PUBLIC ABSTRACT

Running the Cañons of the Rio Grande: Part 2
Boquillas Canyon, Texas and Coahuila
Todd L. Blythe
In 1899, Robert T. Hill led the first scientific exploration of the remote segment of
the Rio Grande known as the Big Bend. Hill’s observations from this expedition were
published in an article titled “Running the Cañons of the Rio Grande.” At the time of
Hill’s expedition, the stream flow of the Rio Grande was largely depleted by water
development in the upstream portions of the basin. The continued overallocation of the
Rio Grande has led to the degradation of aquatic ecosystems in the Big Bend, one of
North America’s largest transboundary protected areas, such that management of natural
resources in this region is a high priority. Many of the native species in this region are
listed as threatened or endangered due to habitat loss, which is driven by channel
narrowing. Thus, excess fine sediment, along with invasive riparian species, has been
identified as negatively impacting ecological resources in the Big Bend and studies
recommend increased stream flow as the most effective tool for managing excess fine
sediment. Aside from historical accounts, there was previously no estimate of the Rio
Grande’s natural flow regime nor an adequate understanding of how the role of
characteristic floods in the Big Bend shaped the pre-disturbance channel. In the following
two studies, we fill in these crucial knowledge gaps by estimating the pre-disturbance
flow regime of the Rio Grande, describing how channel narrowing is not spatially
uniform in the Big Bend, and analyzing past floods to determine the role of past flood
regimes in shaping alluvial deposits that contribute to channel narrowing.
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CHAPTER 1
INTRODUCTION

In 1899 Robert T. Hill led a US Geological Survey expedition down a remote
section of the Rio Grande, named the Big Bend. The Rio Grande is among the iconic
rivers of North America and much like its neighboring basin, the Colorado, begins in the
Rocky Mountains and drains vast desert landscapes before reaching its delta. Unlike the
Colorado, there have been fewer modern scientific studies invested in understanding the
geomorphology of the Rio Grande. And although the Rio Grande basin is one of the
longest inhabited regions in the US, by the turn of the 20th century, the Big Bend was still
largely undescribed. In his 1901 article titled “Running the Cañons of the Rio Grande,”
which recounts the 1899 expedition, Hill states:
The wonders of the Colorado of the West were made known to the world
through the dangerous trip of Major J.W. Powell, in 1869, and are now brought
within easy reach of the Pullman-car tourist. The cañons of the Rio Grande are
longest and least known; they have been and still are least accessible to man,
and have not hitherto been fully described.
Today, the Big Bend is one of the largest transboundary protected areas in North
America, managed by the US and Mexico, and attracts hundreds of thousands of visitors
each year. Many of the canyons that R.T. Hill famously descended are now the
recreational centerpiece of the 300-kilometer-long Wild and Scenic Rio Grande.
However, our scientific understanding of the geomorphology and ecology of the Big
Bend has advanced very little since Hill’s journey, over a century ago. This is alarming
given that the Rio Grande is one of the most altered and endangered rivers in the US,
potentially the world, and conserving wild places while meeting growing human demands
is the greatest management challenge facing the Big Bend. Depleted flow and flow
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regime alteration are responsible for both geomorphic changes and ecological
degradation in the Big Bend. Recommended strategies to mitigate these impacts involve
increasing flows; however, it is unclear how much, when, and how often flows should be
increased to meet specific objectives. This is complicated further by the physiography of
the region because it is understood that canyons in the Big Bend are distinct from alluvial
valleys and may respond differently to changes in flow. It is the aim of this thesis to
inform future management of the Rio Grande in the Big Bend by providing the first
scientific exploration of a canyon in this region since 1899.
The flow regime and supply of transportable sediment determine the geomorphic
organization of a river (Leopold & Maddock, 1953; Lane, 1955; Mackin, 1948; Wolman
& Miller, 1960; Schumm, 1973), which determines the diversity of physical habitats
within the aquatic ecosystem. Although certain rivers will naturally form homogeneous
channels and can vary seasonally based on the flow and sediment regimes, it is widely
accepted that heterogeneous habitat, or high diversity, facilitates greater biodiversity
(Jefferies & Mills, 1990; Peterson & Rabeni, 2001). If the streamflow, sediment supply,
gradient, or size of sediment grains for a segment of river is altered, the channel will
adjust (Andrews, 1986; Everitt, 1993; Gaeuman et al., 2005; Leopold & Maddock, 1953;
Lane, 1955; Schmidt & Wilcock, 2008). In some cases, the channel will change such that
it no longer resembles its previous state, which then affects the habitat diversity. Human
activities often alter more than one of these drivers. In the Big Bend, a decrease in habitat
heterogeneity has been linked to channel changes primarily caused by a decrease in
streamflow.
Intensive water use, primarily for irrigation, began nearly 20 years before Hill
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launched his boats in 1899. Upstream of the Big Bend, flows had been significantly
depleted as sediment continued to be delivered by tributaries, creating conditions of
sediment surplus (Scurlock, 1998; Wozniak, 1998). Sediment surplus is typically
considered undesirable for native ecosystems because excess sediment is stored in the
channel which causes the loss of reach-scale habitat features (Bain et al., 1988; Ligon et
al., 1995; Power et al., 1988). The accumulation of excess sediment was observed by
farmers in southern New Mexico as early as the1880s (Wozniak, 1998) and worsened
after 1950 on the segment of the Rio Grande between El Paso and the Big Bend (Everitt,
1993). However, photographic and historic evidence for the Big Bend did not depict
noticeable channel changes caused by sediment surplus (Dean & Schmidt, 2011).
Accumulation of excess sediment in the Big Bend during this time was mitigated by the
augmented flows from the Rio Grande’s largest tributary, the Rio Conchos. However,
additional water development and flow regulation during the first half of the 20th century
decreased flows further such that the channel began to change rapidly after the 1940s.
Channel change in the alluvial valleys during the last 60 years has been characterized by
progressive narrowing and exacerbated by the spread of invasive riparian vegetation
(Dean & Schmidt, 2011). Narrowing occurs by the accumulation of excess sediment on
bars and channel margins, converting active channel into inset floodplains (Dean et al.,
2011).
There are three types of floods in the Big Bend that act as feedbacks to channel
narrowing. Short-duration floods from local tributaries drive channel narrowing because
these floods deliver large quantities of sediment and attenuate quickly downstream (Dean
et al. 2016). Large magnitude floods are created by the unique geography of the basin.
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Hurricanes moving inland from either the Pacific or the Gulf of Mexico can create large
floods in the Big Bend that restructure the template of the river. These large floods are
called “reset” floods because of their effectiveness at re-widening the channel; thus, they
are a negative feedback to channel narrowing (Dean & Schmidt, 2011, 2013). Moderate
magnitude, long-duration reservoir releases are not driven by climatic events, but are
important for channel maintenance. These floods may occur annually but are typically
dependent on water management decisions and international agreements. Reservoir
releases have a low sediment concentration, do not attenuate significantly, and are
particularly effective at removing excess sediment deposited by short-duration tributary
floods (Dean et al., 2016). However, they do not serve as a negative feedback to
narrowing because the channel is not re-widened, only maintained. The interaction of
these different floods has created a disequilibrium channel in the alluvial segments of the
Big Bend (Dean & Schmidt, 2011), meaning inset floodplains vertically accrete during
periods of low flow and are reset by catastrophic stripping during large magnitude floods;
thus, the channel is in a continuous state of adjustment (Burkham, 1972; Nanson, 1986;
Nanson & Croke, 1992; Nanson & Eskrine, 1988; Pizzuto, 1994; Schumm & Lichty,
1963). The frequency and degree of channel reset is governed by natural hydrologic
events in the Big Bend, but previous research has identified that the narrowing
component of the disequilibrium cycle, between reset events, can be managed using
reservoir releases to slow the rate of habitat loss in the alluvial valleys.
Predicting the rate, style, and degree of channel change in natural rivers where
physical drivers have undergone significant alteration remains a key question in fluvial
geomorphology. However, understanding past channel change and predicting the
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trajectory of future change is dependent on the physical processes upstream and
downstream of a reach (Lane & Richards, 1997). Previous channel change studies in the
Big Bend region have described the temporal component of narrowing during the 20th
century, but the reaches used in these studies describe only the alluvial segments of the
river. At the landscape scale, this region is highly variable in terms of channel planform,
valley width, and channel slope, which control whether sediment is deposited or
evacuated. The channel of the Rio Grande within the canyon segments is laterally
confined, steeper, and has a planform fixed by bedrock. These physiographic
characteristics differ from alluvial segments and it is unknown if this promotes different
patterns of channel change. It is also unclear what types of floods occurred under the
natural flow regime of the Rio Grande and if they created a disequilibrium cycle like that
observed today.
This thesis answers these questions by providing the first ever estimate of the
natural flow regime of the Rio Grande in the Big Bend and, using analysis of finegrained alluvial deposits, describes the magnitude of past floods and their role in shaping
the channel. Describing the spatial differences of sediment dynamics and channel change
for the entire landscape is vital for understanding changes to habitat diversity across
different river segments and how effective restorative flows will be in maintaining the
greatest level of diversity. Previous discussions of using flow augmentation or
experimental floods for ecosystem management had been hindered by the lack of natural
flow estimates for the river. Estimating the natural flow regime is necessary to better
understand the geomorphic history, but is also useful for recommending the frequency,
duration, and timing of reservoir releases that will not only remove excess sediment, but
mimic the natural hydrology that the native ecosystem evolved with.

6
Before describing channel changes in a canyon of the Big Bend during the
different flow regimes of the 20th century, it is crucial to describe the different flow
regimes and when they occurred. Chapter 2 gives the methods and results for estimating
the natural flow of the portion of the Rio Grande upstream of the Big Bend and quantifies
changes to the measured flow regime since 1900. Estimates were made using a modified
mass balance approach that provides daily natural flow estimates without having to
quantify all the variables in a water budget. Changes in the measured flow regime were
based on changes in measured streamflow values and identified using a statistically
robust change point analysis. The time periods between change points were used to
summarize the average characteristics of the measured flow regime and compare them to
the estimated natural flow regime for the same periods. The results of this chapter are
vital to determining which stage of flow regime alteration alluvial deposits in the canyons
formed at.
R.T. Hill’s 1899 expedition provided the first photographs of the Big Bend
region. In the photographs and descriptions from Hill’s observations, the canyons of the
region were mostly void of fine sediment. Today, there are large deposits of fine grained
alluvium between the active river channel and the bedrock walls of the canyons. Chapter
3 explores the origins of these deposits in Boquillas Canyon, the longest continuous
canyon in the Big Bend region outside of the Lower Canyons segment. This chapter
includes i) an analysis of the spatial variability of floods and how the different types of
floods deliver or evacuate sediment from Boquillas Canyon, ii) a description of the
modern geomorphic template, sedimentology, and high-stage flood hydraulics in
Boquillas Canyon, and iii) estimates of past floods using paleo-flood hydrology methods
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(Baker, 1987; Baker, 2008) and a 2-dimensional flow model. The results of these
analyses provide the timing of deposition that has caused narrowing in the canyons,
which can be compared to previous channel change studies in the alluvial valleys.
Chapter 4 combines the estimated natural flow regime with the formation history
of deposits in Boquillas Canyon to provide a narrative for channel change in response to
altering the flood and sediment regime of the Rio Grande. This chapter concludes with
implications of this thesis for future studies and management concerning flow
augmentation and experimental floods.
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CHAPTER 2
ESTIMATING THE NATURAL FLOW REGIME OF RIVERS WITH LONGSTANDING DEVELOPMENT: THE NORTHERN BRANCH
OF THE RIO GRANDE1

Abstract
An estimate of a river’s natural flow regime is useful for water resource planning
and ecosystem rehabilitation by providing insight into the pre-disturbance form and
function of a river. The natural flow regime of most rivers has been perturbed by
development during the 20th century and in some cases, before stream gaging began. The
temporal resolution of natural flows estimated using traditional methods is typically not
sufficient to evaluate cues that drive native ecosystem function. Additionally, these
traditional methods are watershed specific and require large amounts of data to produce
accurate results. We present a mass balance method that estimates natural flows at daily
time-step resolution for the northern branch of the Rio Grande, upstream from the Rio
Conchos, that relies only on easily obtained stream-flow data. Using an analytical change
point method, we identified periods of the measured flow regime during the 20th century
for comparison with the estimated natural flows. Our results highlight the significant
deviation from natural conditions that occurred during the 20th century. The total annual
flow of the northern branch is 95% lower than it would be in the absence of human use.
The current 2-year flood has decreased by more than 60%, is shorter in duration, and

1
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Blythe, T. L., & Schmidt, J. C. (2018). Estimating the natural flow regime of rivers with
long-standing development: The Northern branch of the Rio Grande. Water Resources Research,
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peaks later in the year. When compared to un-regulated flows estimated using traditional
mass balance accounting methods, our approach provides similar results.

1 Introduction
It is widely accepted that native aquatic and riparian ecosystems are adapted to a
river’s natural flow regime (Bunn & Arthington, 2002; Karr, 1991; Olden & Naiman,
2010; Poff et al., 1997; Richter et al., 1996; Wohl et al., 2015). Thus, it is useful to
estimate the magnitude, frequency, variability, and timing of flows that describe that
regime, because those metrics can guide ecosystem rehabilitation programs that seek to
protect or recover native ecosystems by manipulating stream flow. There are many
strategies that seek to resolve competing utilitarian and ecosystem demands for stream
flow by identifying the most important natural flow characteristics that need to be
restored (Tharme, 2003). Most of these methods involve calculating metrics that compare
the modern and natural flow regimes and therefore require an accurate and precise
estimation of the natural stream flow.
Several approaches to estimating the natural flow regime have been proposed.
One method is to assume that all streams within a region have similar flow regimes and
that the flow regime of an undeveloped river is broadly representative of nearby
developed rivers. This approach includes methods such as calculating regional flow
duration curves (Searcy, 1959). However, application of this method is limited, because
less than 40% of the world’s rivers are unaffected by water development (WCD, 2000).
In some cases, managers and researchers calculate statistics by assuming that the flow
regime measured by the oldest stream-flow measurements approximates natural
conditions (Richter et al., 1996,1997). However, significant consumptive water use and
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flow regulation preceded gaging of many rivers in arid and semi-arid regions with large
population centers and whose water sources are in distant headwaters. In many of these
exotic rivers, such as the Nile, Indus, and Yellow Rivers, Mediterranean streams in
southern Europe, and the Rio Grande in North America, consumptive water use has
occurred for more than a century and, in some cases, many centuries.
Natural flow estimates of monthly or annual volumes are often based on
development of a water budget using traditional mass-balance methods (NRCS, 2016;
Prairie & Callejo, 2005; USACE, 1998; Wurbs et al., 1988). This approach uses estimates
of consumptive losses, including irrigation diversions and reservoir evaporation, to
quantify stream flow depletions. The estimated depletions are adjusted for the operation
of reservoirs and added to the measured stream flow at a gage located downstream from
all depletions. This approach is typically used when forecasting annual yields for water
supply, but requires extensive consumptive loss data to be accurate.
The various ecological approaches used to determine ecosystem stream-flow
requirements necessitate higher resolution natural flow estimates than those typically
developed by the water budget approach described above. Estimates of natural flows with
daily temporal resolution have been made by disaggregating monthly data, hydrologic
modeling, or by interpolation from measurement stations where a large amount of daily
data exist (Kumar et al., 2000; Sauer, 2002; Smakhtin, 1999; Wurbs & Hoffpauir, 2012;
Wurbs & Sisson, 1999). However, in systems with long-standing water development,
simulations are less useful because they cannot be verified by pre-development stream
flow data.
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Here, we describe and implement an alternate method for estimating the natural
flow regime at daily time-step resolution that relies on daily measured, rather than
simulated, stream flow data. Our method uses the least disturbed stream flow
measurements at the most upstream gages and identifies the location, magnitude, and
timing of all downstream natural inflows. Natural inflows include un-gaged increases in
stream flow measured between two gages minus any known inflows from human
development. The stream flow measured at the upstream-most gages, combined with the
cumulative sum of all estimated natural inflows provide an estimate of the natural stream
flow. This method is the inverse of typical water budgets where the cumulative sum of
stream flow removed from the system is added to a downstream gage. The results of our
method provide natural flows comparable to those estimated by traditional water budget
accounting methods but have higher temporal resolution.
Our technique can be implemented in any river basin where daily stream flow is
measured in the headwaters and major tributaries. To highlight the effectiveness of this
method for determining the natural flow regime, we apply our method to the northern
branch of the Rio Grande, upstream from its confluence with the Rio Conchos. This part
of the river was over allocated by the late 1800s due to extensive infrastructure
development that predates the earliest gaging. The Rio Grande has one of the longest,
most complete records of continuous daily stream flow in the world with measurement
sites in the headwaters of the mainstem and tributaries as well as upstream and
downstream from regions with major withdrawals. Using the results from our mass
balance method, and a method for identifying change points in measured 20th century
stream flows, we show that historical stream flow data are significantly different from
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natural conditions. Using a relatively simple alteration to the traditional water budget, we
provide a temporally and spatially high-resolution estimate of the natural flows, and, for
the first time, quantify the profound transformation of the northern branch of the Rio
Grande.

2 Study Area
The Rio Grande, called the Río Bravo in Mexico, is more than 3000 km long,
making it the fifth longest river in North America. The river drains approximately
550,000 km2 of eight states (Patiño-Gomez et al., 2007) in two countries (Fig. 2.1a). The
headwaters of the northern branch are more than 4000 m above sea level in the southern
Rocky Mountains, where most of the runoff is from snowmelt. Summer precipitation and
the North American monsoon contribute additional late season flows. The San Juan,
Sangre de Cristo, and Jemez Mountains receive as much as 1200 mm of precipitation
annually; in contrast, the semi-arid lowlands receive as little as 100 mm annually (PRISM
Climate Group, 2017). Before reaching Albuquerque, the Rio Grande accumulates flow
from two large tributaries, the Conejos River and the Rio Chama. Between Albuquerque
and Las Cruces, smaller tributaries such as the Jemez River, Rio Puerco, and Rio Salado
provide smaller amounts of stream flow, downstream from Las Cruces there are only a
few small, ephemeral tributaries. The Rio Conchos is the largest tributary to the Rio
Grande, originates in the Sierra Madre Occidental of Chihuahua, and enters the main
stem near the border cities of Ojinaga and Presidio. The flow regime of the Rio Conchos
is characteristic of a rainfall-dominated region. The flow regime of the lower Rio Grande,
downstream of the Rio Conchos, reflects the combined influence of two climatically
different headwaters (Gonzalez-Escorcia, 2017).
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The most upstream gage analyzed in this study is near Del Norte (U.S. Geological
Survey gage 8220000) (Fig. 2.1b). This gage measures relatively natural inflows to the
northern branch from the San Juan Mountains; however, the river is regulated by four,
small reservoirs with total storage of less than 156 x 106 m3, and six small trans-mountain
diversions import a negligible amount of water (RGCC, 2015). The downstream end of
the study area is the gage near Ojinaga-Presidio (International Boundary and Water
Commission gage 08-3715.00).

3 Background
The Rio Grande basin has a long record of human inhabitance and water use
(Scurlock, 1998). Today, the river is a water source for approximately 10 million people
and is used to irrigate more than 4000 km2. Long-term reconstructions of annual flow,
estimated using tree ring analysis (Meko & Graybill, 1995; Smith & Stockton, 1981;
Woodhouse et al., 2006, 2012), indicate that headwater runoff during the past five
centuries has cyclically alternated between wetter and drier conditions. Each wet or dry
period typically lasts two to five years (Woodhouse et al., 2012). There have been three
extended periods of below average stream flow that lasted as much as 50 years and were
caused by low snowmelt runoff exacerbated by dry monsoon conditions (Woodhouse et
al., 2013). Nevertheless, the entire northern branch was perennial prior to the mid-1800s,
even during extended dry periods (Scurlock, 1998). For much of the year, the river was
typically large enough to impede overland travel such that crossing was only possible at
fords or by ferry (Crimmins, 1933; Kelley, 1986; Scurlock, 1998). Early navigation
accounts of the river describe an annual high flow entering the Gulf of Mexico whose
duration extended from April to August (Crimmins, 1933; Kelley, 1986; Scurlock, 1998)
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and must have been caused by snowmelt runoff in the northern branch combined with
rainfall in the lower Rio Grande, including the Rio Conchos headwaters. The northern
branch in central New Mexico was estimated to be several hundred meters wide and
included braided segments (Kelley, 1986; Mueller, 1975; Scurlock, 1998; Stotz, 2000).
The earliest irrigation in the Rio Grande watershed was in northern New Mexico.
The total area of irrigated land in New Mexico before 1850 was less than 610 km2
(Scurlock, 1998; Wozniak, 1998). Large-scale development of the northern branch began
around 1850 to support the growing agricultural industry and more intensively after the
Desert Land Act of 1877. The greatest expansion of irrigated lands occurred in the San
Luis Valley in Colorado. By 1900, consumptive water use in the San Luis Valley
exceeded all other parts of the watershed. As a result, downstream users in New Mexico,
Texas, and Chihuahua experienced water shortages that led to international and interstate
disputes (Mueller, 1975; Scurlock, 1998). Systematic stream gaging began in 1888 at
Embudo in an effort to determine the available water supply in response to Mexico’s
formal complaints about the magnitude of upstream consumption. This gage is the oldest
in the U.S., and the Rio Grande was the first U.S. river to be comprehensively measured
(Frazier & Heckler, 1972). Between 1890 and 1900, six other gages were established on
the northern branch to provide data that informed binational negotiations and culminated
in the Convention between the United States and Mexico for the Equitable Distribution of
the Waters of the Rio Grande in 1906, and the Rio Grande Compact signed by Colorado,
New Mexico, and Texas in 1938.
Drought and declining stream flow also fostered a growing interest in water
storage projects. Agricultural regions in southern New Mexico and along the international
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border in the Ciudad Juarez-El Paso Valley were especially susceptible to low water
supply during droughts. Low flows perturbed the sediment mass balance into surplus
(sensu Schmidt & Wilcock, 2008) which caused decreased channel capacity, bed
aggradation, increased flood risk, and decreased irrigation efficiency (Everitt, 1993;
Mueller, 1975; Scurlock, 1998; Swanson et al., 2011). Elephant Butte was the first major
dam built on the northern branch and was completed in 1915 as part of the Rio Grande
Project (RGP) in order to store water for distribution to U.S. and Mexican users; Caballo
Reservoir, also part of the RGP, was completed in 1938 (Kelly et al., 2007). Reservoir
releases were entirely diverted in the Ciudad Juarez-El Paso Valley leaving only
irrigation return flow further downstream. Between 1940 and 1980, several dams were
constructed by the U.S. Army Corps of Engineers (USACE) on tributaries of the northern
branch to control flooding and trap sediment inputs (Kelly et al., 2007). Cochiti Dam was
the centerpiece of this flood control and sediment mitigation plan whose purpose was to
intentionally perturb the sediment mass balance of the northern branch in central New
Mexico into deficit (Lagasse, 1981).
Today, the northern branch is single threaded, and much of the river in central
New Mexico is lined by levees or is divided into floodways and conveyance channels.
There is 8270 x 106 m3 of active storage capacity in three primary reservoirs on the mainsteam and numerous reservoirs on tributaries. Flows are augmented by diverting water
from the adjacent San Juan River in northwestern New Mexico. Stream flow is allocated
in compliance with the Rio Grande Compact and the 1906 Convention that necessitate
extensive stream flow accounting. There are more than 30 USGS gaging stations on the
northern branch and its tributaries, and the IBWC maintains gages downstream from
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Ciudad Juarez-El Paso. The Bureau of Reclamation and the Army Corps of Engineers
report daily storage data for all reservoirs and estimate monthly evaporation. In the last
decade, an increasing number of irrigation canals have been gaged to quantify
conveyance losses. These data are compiled annually by the Rio Grande Compact
Commission (RGCC) to monitor distribution of water in the basin and Compact
compliance. The RGCC reports annual deviations of measured flow from Compact
requirements for the gage at San Marcial, upstream from Elephant Butte Reservoir, and
the gage at Lobatos, near the border between Colorado and New Mexico.

4 Methods
We compiled mean daily discharge data for 33 gages established before 1950,
daily storage data for seven reservoirs, and the daily volume of water imported to the Rio
Chama from the San Juan River via the San Juan-Chama Project (Fig. 2.2). For the period
between 1900 and 2010 at the 33 gages, less than 7% of the stream flow data are
estimated values. Using these data, we developed a model that estimated the conveyed
flow from each gage to the next downstream gage, accounting for any gaged tributary
inflows and un-gaged flows. Our primary focus was to define an ecologically relevant
estimate of the daily natural flow; therefore, sources of un-natural inflow that had a
negligible effect on the annual hydrograph, such as waste water discharge, were ignored.
The cumulative sum of all estimated natural un-gaged flows on the mainstem and
tributaries, plus measured flow at the upstream-most gages, equaled the natural flow at
the next downstream gage. We used the daily data to estimate travel times for each
segment and adjusted downstream flow estimates accordingly. This procedure was
repeated for each couplet of gages on the main stem and on all tributaries with two or

19
more gages. We summarized the natural flow regime by calculating the interquartile
range of all flows for each day for the period of our calculations, and we calculated
metrics that described the annual peak flood; including magnitude, date of peak, duration,
and flood-hydrograph symmetry. To quantify changes in the flow regime, we compared
the results of our model to the measured stream flow between 1900 and 2010 at seven
gages distributed throughout the watershed (Fig. 2.2). However, water development
projects and management practices have caused abrupt changes in average stream flows
during the 20th century. To make an accurate comparison, we defined periods of
consistent stream flow using an analytical change point method and quantified the
difference between measured and estimated natural flows for each period.

4.1 Mass Balance Model
Our model employed a mass balance equation based on changes in storage for a
control volume, calculated as the difference between inflows and outflows
𝑑𝑆
=𝐼−𝑂
𝑑𝑡

(1)

where S is storage, t is time, I is inflow, and O is outflow. We defined a control volume
as the river segment between each gaging station couplet and identified two types of
control volumes --primary and secondary. Each type was determined by geography and
period of record. The primary control volumes were bracketed by the seven long-term
gages, and the secondary control volumes were a subset within the larger scale primary
control volumes. Thus, the secondary control volumes occurred within the primary
control volumes, and their period of record was shorter than the long-term gages. Inflows
(I) in equation (1) were a function of upstream discharge (QU), ground-water inflow (GI),
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tributary inflows (T), precipitation (P), and irrigation return flow (R). Outflows (O) were
a function of downstream discharge (QD), ground-water outflow (GO), evapotranspiration
(E), and diversions (D). Our dataset included measured, or estimated, daily values of QU,
QD, T, and changes in reservoir storage. We assumed that dS/dt within a control volume
was zero unless a segment included a reservoir. All other variables (GI, GO, P, E, R, D)
were considered unknown.
We replaced I and O in equation (1) with the known input/output variables and
solved for the net gain or loss in stream flow (𝛿), referred to as un-gaged flows
𝛿=(

𝑑𝑆
+ 𝑄𝐷 ) − (𝑄𝑈 + 𝑇)
𝑑𝑡

(2)

𝛿 = 𝑓(𝐺𝑇 , 𝑃𝑇 , 𝐷𝑇 )
𝐺𝑇 = [𝐺𝐼 − 𝐺𝑂 ]
𝑃𝑇 = [𝑃 − 𝐸]
𝐷𝑇 = [𝑅 − 𝐷]
We used an incremental version of equation (3) for daily time-steps
𝛿𝑖𝑗 = (∆𝑆𝑖𝑗 + 𝑄𝐷 𝑖𝑗 ) − (𝑄𝑈 𝑖𝑗 + 𝑇𝑖𝑗 )

(3)

𝑖 = (1, 2, 3, … ,12) 𝑚𝑜𝑛𝑡ℎ
𝑗 = (1, 2, 3, … , 𝑛) 𝑑𝑎𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑜𝑛𝑡ℎ
Equation (3) was applied to each day between 1900 and 2010 to calculate 𝛿 for all
primary and secondary control volumes on the main-stem and tributaries.
We used the sign of the un-gaged flows as an indicator of the timing and duration
of consumptive losses. Where 𝛿 > 0, we estimated that there was a net increase in stream
flow within the control volume; where 𝛿 < 0, there was a net loss of stream flow.
Because specific components of the un-gaged flows (e.g. return flow and diversions)
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were unknown, we analyzed 𝛿𝑖𝑗 on a case-by-case basis to estimate if negative values
were natural conveyance losses or human-caused consumptive loss. We defined humancaused consumptive loss as any period where 𝛿𝑖𝑗 was consecutively negative for more
than 30 days. For most gages, consecutive losses occurred between April and October,
because irrigation withdrawals were the primary consumptive use. We removed the
human-caused consumptive losses by assuming zero during periods of consecutive
negative values
𝛿𝑖𝑗 𝑖𝑓 𝛿𝑖𝑗 ≥ 0
𝛿𝑖𝑗∗ = {
0
𝑖𝑓 𝛿𝑖𝑗 < 0

(4)

If we did not observe any periods of consecutive negative values, 𝛿 was assumed to
adequately represent the natural un-gaged flows for the control volume, in which case
𝛿𝑖𝑗∗ = 𝛿𝑖𝑗 . To ensure that our estimated annual flood peaks occurred on the correct date at
each gage, we estimated the mean travel time (tR), in days, using representative peaks in
the measured annual hydrographs for each year. Flood peaks covered a range of
discharges and durations such that we assumed the mean of these values adequately
captured the variability of travel times, rather than using a discharge dependent function
for travel times. We used the estimated mean travel time to shift downstream discharge
data to align with upstream discharges for each control volume. These time-adjusted
∗
daily discharges were then used to calculate the time-adjusted un-gaged flows (𝛿𝑖𝑗−𝑡
).
𝑅

We did not adjust for travel time in control volumes containing reservoirs, or in cases
where 𝛿𝑖𝑗∗ = 𝛿𝑖𝑗 .
∗
The time-adjusted natural stream-flow estimate (𝑄𝑖𝑗
) for any control volume (𝑁)
∗
was the cumulative sum of the time-adjusted un-gaged flows (𝛿𝑖𝑗−𝑡
) for all upstream
𝑅
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control volumes, plus an initial discharge input (𝑄0 𝑖𝑗 ) and the sum of all upstream
tributaries (𝑇𝑖𝑗 ). The final incremental equation for any control volume (𝑁) was therefore
𝑁
∗
𝑄𝑖𝑗

𝑁

= ∑ (𝛿𝑚 𝑖𝑗−𝑡 ) + ∑ (𝑇𝑚𝑖𝑗 ) + 𝑄0 𝑖𝑗
𝑅

𝑚=1

(5)

𝑚=1

To determine the natural stream flow (𝑄𝑖𝑗 ) at a gage, we shifted the time-adjusted natural
stream flow by a coefficient (𝜃), in days, where (𝜃) was the cumulative sum of upstream
mean travel times (𝑡𝑅 ) for any control volume (𝑁)
𝑁

𝜃 = ∑ (𝑡𝑅𝑚 )

(6)

𝑚=1

The initial input (𝑄0 𝑖𝑗 ) was the discharge measured near Del Norte.
Most gages used in our model had different periods of record that created blocks
of time with different amounts of missing data. When data were missing for a short-term
gage, we expanded the spatial extent of the secondary control volume to incorporate the
nearest short-term gage with data. When there were missing data at a long-term gage, we
assumed that flow at this gage was equal to that of the nearest upstream gage where data
were available. We treated tributary inflow as un-gaged input in the case of missing
tributary data. Further explanation of the calculations within each primary control volume
is provided in Appendix A, supporting information (Text S2 – S7).
The number of secondary control volumes within a primary control volume
affected the accuracy of our natural flow estimates. The size and number of secondary
control volumes depended on the number of short-term gages in the study area and their
period of record. We defined the un-gaged area of each secondary control volume as the
difference between total drainage area at the downstream gage and total drainage area at
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the upstream gage. Within each primary control volume, we calculated the average of the
secondary control volumes’ un-gaged areas (𝑝) for all years. In years when there were no
secondary control volumes, 𝑝 equaled the drainage area of the primary control volume.
We used 𝑝 as a metric to calculate upper and lower error bands for our natural flow
estimates. The lower error band was the estimated natural flow calculated without using
secondary control volumes, or when 𝑝 was equal to the primary control volume drainage
area. This represented the least accurate estimates using only the seven long term gages,
no reservoir data, and treating all tributaries as un-gaged inflows. The upper error band
was calculated using the upper 95% confidence interval of a linear regression between
annual estimated natural flows and annual measured flows for years with minimum
values of 𝑝. This represented the most accurate estimates using all gages and reservoir
data. For additional details and results on our uncertainty calculations see Appendix A,
supporting information (Text S1 and Figures S10, S13, S16, S19, S23, S27).
When un-gaged flows were consecutively negative and adjusted to equal zero, we
assumed no transmission losses due to bed infiltration, bank storage, or
evapotranspiration of the riparian zone. We conducted a sensitivity analysis using a
variety of transmission loss magnitudes and found a negligible effect on our estimates at
most gages. We used a range of transmission loss values that included riparian
evapotranspiration and open water evaporation. The range of losses were estimated by
Reclamation and other water supply studies for central New Mexico (SSPA, 2000;
RGCC, 2015; Thomson, 2012; USBR, 2017). Analyses by Reclamation acknowledge
variations in transmission losses with discharge and season. Estimates of annual
transmission loss for the region are between 0.9 x 106 m3 and 1.5 x 106 m3 per kilometer
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(SSPA, 2000). Although these losses are expected to be greater in the southern part of the
study area, they still represent a small proportion of the natural flow. We used constant
values between 0.01% and 0.05% loss per kilometer and observed little effect on our
estimates. Based on the evapotranspiration and open water evaporation rates discussed
earlier, these percentages represent realistic losses. Values greater than 0.05% noticeably
changed our estimates at the furthest downstream gages, but these high transmission
losses would be unrealistic during conditions produced by the magnitude of estimated,
natural discharges. Discussion and graphs summarizing the results of this sensitivity
analysis for each primary gage are presented in Appendix A, supporting information
(Text S1 and Figures S10, S13, S16, S19, S23, S27).

4.2 Flood Peak Characteristics
We calculated four metrics of the estimated natural stream flow and measured
stream flow that described the characteristics of the annual peak flood. These metrics
included the magnitude and date of the maximum mean daily discharge value for the
year, the duration of the maximum annual flood, and the shape, or symmetry, of the
annual flood peak. The duration of the flood was calculated as the number of consecutive
days that discharge was greater than the 40th exceedance probability (e.g., the 60th
percentile) of each annual, flow duration curve, because this threshold best described the
start and end dates of the annual snowmelt flood. The symmetry of the maximum annual
flood peak was calculated as the ratio of rate of rise (dQr/dt) to the recession rate (dQf/dt)
of each annual flood. We calculated the rate of rise as the change in discharge between
the start of the flood and the peak divided by the number of intervening days. The
recession rate was calculated as the change in discharge between the peak and the end of

25
the flood, divided by the number of intervening days. Values greater than 1 represented a
flood that rose over a shorter duration and receded over a longer duration. If values were
less than 1, then the flood receded faster than it rose. A value of 1 indicated a flood with
identical rise and recession rates.

4.3 Change Point and Trend Analysis
We identified periods when measured flows were consistent using a change point
detection method applied to the average annual flow data. Hereafter, we refer to the
periods of consistent measured flow characteristics as individual regimes. Abrupt
changes from one regime to another typically occurred during a period of one to five
years; these transitional times are referred to as change points. For the northern branch,
change points in the measured flow were mostly caused by the completion of a dam or a
fundamental change in administrative water management. To identify change points, we
used a Bayesian model for a single shift in the mean before and after a point (Berger,
1985; Perrault et al., 2000a; Xiong and Guo, 2004), assuming there was one change point
in a time ordered data set and no change in variance before and after the change point.
Given a time series with ordered observations 𝑋 = (𝑥1 , 𝑥2 , 𝑥3 , … , 𝑥𝑛 ), the data set was
partitioned into 𝑋𝜏 = (𝑥1 , 𝑥2 , 𝑥3 , … , 𝑥𝜏 ) and 𝑋𝜏+1 = (𝑥𝜏+1 , 𝑥𝜏+2 , 𝑥𝜏+3 , … , 𝑥𝜏+𝑛 ) assuming
there was one unknown change point, 𝜏. The random variables in the model were the
mean of the data set before and after the change point, 𝑄̅𝑎 and 𝑄̅𝑏 respectively, and the
change point 𝜏. Under Bayes Theorem, the joint posterior distribution was calculated as
𝑃(𝑄̅𝑎 , 𝑄̅𝑏 , 𝜏|𝑋) ∝ 𝑃(𝑋|𝑄̅𝑎 , 𝑄̅𝑏 , 𝜏) ∙ 𝑃(𝑄̅𝑎 , 𝑄̅𝑏 , 𝜏)

(7)

The marginal distributions of the random variables 𝑄̅𝑎 , 𝑄̅𝑏 , and 𝜏 were integrated from
the joint posterior distribution 𝑃(𝑄̅𝑎 , 𝑄̅𝑏 , 𝜏|𝑋) using Monte Carlo methods.
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The Bayesian model only applies to normally distributed, independent data sets.
Daily discharge values are typically not independent and have significant autocorrelation.
Therefore, we created three independent annual data sets that were used for detecting
change points, the most important of which was the mean annual discharge. The other
two datasets characterized the variability of the flow in each year: the value of the lowest
measured flow in each year (annual minimum flow) and the value of the maximum mean
daily discharge in each year (annual maximum flood). Each of these time series had
skewed distributions, including mean annual discharge. We assumed that each series fit a
log-normal distribution, and we log transformed all data before applying the change point
model. Visual inspection of each time series distribution confirmed that they were
approximately normally distributed. When a change point was identified, we determined
the significance of the difference between 𝑄̅𝑎 and 𝑄̅𝑏 using a two-sided t-test with a null
hypothesis of 𝑄̅𝑎 = 𝑄̅𝑏 . To account for multiple change points, we iteratively repeated
this procedure for the periods before and after all possible change points. Any change
point with a difference in means not significant at 𝛼 = 0.05 was discarded. The change
point model was applied using the statistical language R (R Development Core Team,
2008) with the “bcp” package for Bayesian change point analysis (Erdman & Emerson,
2007).
We used a non-parametric Mann-Kendall trend test (Kendall, 1975; Mann, 1945)
to identify gradual changes in the three annual flow data sets for the entire period of
record. This test is superior to similar parametric tests for skewed data, missing values,
and seasonality; all of which are encountered in natural hydro-climatic time series. If a
trend was detected in an annual time series with no change points, it was considered
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gradually changing. Annual time series with change points always had significant trends.
To determine if the observed changes were influenced by abrupt change points or gradual
change, we adjusted the time series by deducting the mean of the data before the change
point (𝑄̅𝑎 ) from each value (𝑋𝑛 ), and the mean of the data after the change point (𝑄̅𝑏 )
from each value (𝑋𝜏+𝑛 ) (Xiong and Guo, 2004). We disregarded any long-term gradual
changes if there were no significant trends after adjusting for sudden change points.
Our estimated natural flows represent the stream flow conditions that would exist
without human influence. Therefore, the change points associated with water
development and management should not be detected in our estimates. The presence of
change points or slow progressive changes in the estimated natural flow regime thus
provides insight into large-scale climate drivers of stream flow. To confirm that our
method truly corrects for human influences, we applied the Bayesian change point model
and Mann-Kendall test to our estimated natural flows with the same assumptions and
hypotheses used for the measured flows.
We distinguished both gradual and sudden changes in annual flow regime
characteristics at the seven long-term gages using the Bayesian model and Mann-Kendall
test together. Both the Mann-Kendall and Bayesian change point methods are well suited
for time series data and have been widely adapted for hydrologic data analysis (Berger,
1985; Crawford et al., 1983; Hirsch & Slack, 1984; Perrault et al., 2000a, 2000b; Steele
et al., 1974; Xiong and Guo, 2004; Yue et al., 2004).
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5 Results
5.1 20th Century Flow Regime Changes
Using the analytical techniques described above, we identified changes in annual
flow characteristics at the seven long-term gages. As described below, the annual flow
characteristics at some downstream gages changed abruptly one to four times but never
changed abruptly at some upstream gages (Table 2.1). The abrupt changes at downstream
gages were likely the result of the complex patterns and requirements of water use,
infrastructure operation, and administrative agreements. See the Supporting Information
(Figures S1 – S7 and Tables S1 – S14) for additional change point results, including
exact p-values for Man-Kendall and t-tests.
The mean annual flow of the Rio Grande near Del Norte gradually decreased
throughout the 20th century at a rate of 0.05 m3/s/yr, with no abrupt changes in the
average mean annual flow. The average magnitude of the annual maximum flood flows
did not change, but the average magnitude of the minimum flows abruptly decreased
around 1930 from an average of 5.2 m3/s to an average of 3.4 m3/s.
Downstream from the San Luis Valley in northern New Mexico, measured stream
flow near Lobatos and at Embudo significantly decreased after 1949, such that an early
20th century and a late 20th century flow regime can be distinguished. Mean annual flow
of the late 20th century was at least 45% less than it was in the early 20th century. Average
annual maximum floods in the late 20th century were 59% less than in the early part of
the century near Lobatos and 45% less at Embudo. The average annual minimum flows
did not change at either gage. The abrupt shift in 1949 was likely caused by a
combination of the construction of Platoro Reservoir on the Conejos River (Simonds
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1994) and large consumptive losses in the San Luis Valley during very low flow years in
the 1950s and 1960s. The depletion of stream flow between Del Norte and Lobatos was
large even during the early 20th century, such that the mean annual and maximum flows
near Lobatos were less than at any other gage in the watershed. The measured flows
between Lobatos and Embudo typically increased due to un-gaged tributary inputs. .
Downstream from Embudo, the Rio Chama enters the Rio Grande and relatively
natural snowmelt runoff from the southernmost portion of the San Juan Mountains
augments the main-stem flows. At Otowi Bridge, located downstream from the Rio
Chama, there were no change points in the measured mean annual and minimum flow
data sets. Mean annual flows gradually decreased at an average rate of 0.1 m3/s/yr, and
annual minimum flows gradually increased at an average rate of 0.03 m3/s/yr during the
20th century. However, annual maximum flows decreased abruptly in 1949 by 51%, from
an average of 273 m3/s to an average of 135 m3/s. This change point was the same time as
near Lobatos and at Embudo; therefore, we distinguished the same early and late 20th
century regimes as the two upstream gages.
The San Marcial gaging station was established in the 1890s and measures inflow
of the Rio Grande into Elephant Butte Reservoir. This gage is downstream from large
irrigated areas in central New Mexico, and the measured flows are greatly affected by
consumptive losses. Here, we also distinguished an early 20th century regime and a late
20th century regime, but the change point between the two periods occurred during a 5year transition between 1945 and 1949. After 1949, average mean annual flow was 34%
less than in the early 20th century, and annual maximum flows were 63% less. Annual
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minimum flows were frequently zero and could not be analyzed using the statistical
techniques of this study.
Downstream from Elephant Butte Dam, there were more change points because of
different RGP operating rules and consumptive use patterns in southern New Mexico,
Texas, and Chihuahua. The measured stream flow at El Paso reflects the releases from
RGP reservoirs and consumptive use of the Mesilla Valley in southern New Mexico. The
observed stream flow near Presidio reflects the additional influence of consumptive use
in the El Paso-Juarez Valley. Measured stream flow decreased after 1912, decreased
again in the 1940s, and recovered somewhat thereafter. We distinguished four periods in
the stream-flow record at El Paso and near Presidio; the early 20th century pre-Elephant
Butte regime (1900-1911), early 20th century post-Elephant Butte regime (1913-1943 at
El Paso; 1913-1949 near Presidio), late 20th century drought (1951-1984 at El Paso;
1951-1968 near Presidio), and the late 20th century high flow regime (1985-2010 at El
Paso; 1984-2010 near Presidio). In the early 20th century, mean annual flow decreased by
34% at El Paso and 58% near Presidio after construction of Elephant Butte Dam. Annual
maximum floods decreased by 61% at El Paso and 59% near Presidio. Mean annual flow
decreased by an additional 52% at El Paso and 92% near Presidio during the late 20th
century drought. Annual maximum flood flows during the late 20th century drought
decreased by 52% at El Paso and 76% near Presidio. During the late 20th century high
flow period, mean annual flows increased to approximately those of the early 20th century
post-Elephant Butte regime, although the average flood flows at El Paso did not increase.
Even though annual flood flows increased near Presidio, their magnitude was still
approximately half the magnitude of flood flows during the early 20th century post-
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Elephant Butte regime. Annual minimum flows downstream from Elephant Butte were
frequently zero and could not be analyzed using the statistical techniques of this study.
The changes in stream flow that occurred downstream from Elephant Butte after
1950 are due to operation of the RGP. To provide insight into the role of water
management in shaping the late 20th century regime, we compared the periods of abrupt
change in the flow regime at El Paso and near Presidio to the mean annual storage and
total annual release of Elephant Butte Reservoir (Fig. 3a). Near Presidio, the abrupt
decline in stream flow around 1950 coincided with declining reservoir volumes, and the
abrupt increase in stream flow occurred when storage of water increased after 1980.
Reservoir releases were below average between 1949 and 1984, but were higher than
annual storage (Fig. 2.3a), indicating a change in operating rules to deplete storage in an
attempt to meet downstream demands. We also compared the cumulative difference
between measured annual flows and mandated annual flows reported by the RGCC at
Lobatos and San Marcial (Fig. 2.3b). A negative cumulative difference translates to a
deficit of inflows to Elephant Butte Reservoir, when consumptive losses were
continuously higher than allowed by the Rio Grande Compact, and positive numbers
represent a surplus of inflows. Abrupt changes in the flow regime near Presidio coincided
with transitions from surplus to deficit conditions in the 1940s and from deficit to surplus
conditions in the 1980s, upstream from Elephant Butte.

5.2 Characteristics of the Measured Flow Regime
We calculated annual hydrographs describing the flow regime based on the
measured data for each period defined by our change point results. These summary
hydrographs depict the most frequently occurring measured flows of each period,
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showing the median and interquartile range of the mean daily flow for each day. We also
summarized the maximum and minimum values of each day. At Lobatos, Embudo,
Otowi Bridge, and San Marcial, we calculated the 4-metrics used to describe the annual
peak flood for the early and late 20th century regimes. At El Paso and near Presidio, we
calculated these metrics for the early 20th century pre-Elephant Butte regime and the late
20th century regime, for which we combined the late 20th century drought and late 20th
century high flow regimes. We used data for the period between 1900 and 1914 to
characterize the early 20th century pre-Elephant Butte period. Summary hydrographs,
total annual flows, and flood characteristics for the seven long-term gages for all periods
are provided in Appendix A, supporting information (Figures S8, S9, S11, S12, S14, S15,
S17, S18, S20, S21, S22, S24, S25, S26 and Tables S15 – S26).
The measured early 20th century regime near Lobatos, at Embudo, Otowi Bridge,
and San Marcial was characterized by high flows between May and July. The
spring/early summer snowmelt flood peaked in early to late May and typically lasted
between 60 and 100 days. The snowmelt flood receded quickly in July, and flows
between July and November were very low, except at Otowi Bridge. Base flows
increased in October and remained steady from November to March. These same flow
patterns existed at El Paso and near Presidio before the construction of Elephant Butte
Dam. After Elephant Butte was completed, daily stream flow at El Paso was dominated
by high base flows from March to October, and extreme low flows persisted year-round
with occasional small, short duration flood peaks near Presidio. During the late 20th
century, the magnitude of daily stream flows decreased significantly at each gage.
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5.3 Characteristics of the Natural Flow Regime
We estimated the natural flow at each gage for every day of each year and
summarized the typical characteristics of the natural flow regime for the same periods
that we defined for the measured flows. The estimated natural flow regime of the Rio
Grande near Lobatos and at Embudo was dominated by a long duration snowmelt flood
between April and July. Typically, this flood peaked in May or early June and lasted
between 100 and 150 days; the flood receded slowly relative to its rise. Estimated natural
flows between August and September were variable and included occasional short
duration floods caused by summer and fall rain. Base flows were less variable from
October to March. At Otowi Bridge, San Marcial, El Paso, and near Presidio, the annual
snowmelt flood was larger in magnitude, and there was a greater number of short
duration, summer/fall floods. Recession of the estimated natural annual spring/early
summer flood was slower, prolonged by numerous short duration floods between August
and October. A comparison of the median and interquartile range for the estimated
natural flows and late 20th century measured flows near Lobatos, at Otowi Bridge, San
Marcial and near Presidio are shown in Figure 2.4.
Comparison of the measured flows and the estimated natural flows demonstrates
that the modern flow regime of the entire northern branch of the Rio Grande has been
extensively perturbed. The magnitude of these changes is obvious when comparing total
annual flows (Fig. 2.5). Approximately 68% of the natural flow is consumed between Del
Norte and Lobatos in the San Luis Valley. There is some recovery of the natural flows
between Lobatos and Otowi Bridge such that the measured total annual flow is 42% less
than the estimated natural flows at Otowi Bridge. Consumptive losses continue
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downstream at San Marcial and the flow regime at El Paso and near Presidio is
considerably reduced due to irrigation demands and RGP operations. Today, measured
stream flow near Presidio is 95% less than the estimated natural flow.
Consumptive losses were less, but still significant, in the early 20th century; total
annual measured flow near Lobatos was 53% less than the estimated natural flow and
only 22% less than the estimated natural flow at Otowi Bridge. Total consumptive use in
the downstream part of the watershed was also long-standing. Even before Elephant
Butte Dam was completed, the total annual flow near Presidio was 57% less than the
estimated natural flow.
The magnitude, timing, and duration of measured floods decreased during the 20th
century (Fig. 2.6). The greatest decreases occurred during the late 20th century. The
magnitude of floods today was more than 60% less than the magnitude of the estimated
natural floods. The duration of today’s floods was typically 20% shorter, and flood
timing was more variable with the annual peak occurring later in the year. Near Lobatos,
the magnitude of the measured 2-yr flood was approximately 78% less than the estimated
natural 2-year flood, was 33% shorter in duration, and receded much faster. More natural
floods still occur at Otowi Bridge, but the magnitude of frequent, common floods was
60% less than the floods we estimated for natural conditions. Floods have been nearly
eliminated at El Paso and near Presidio. Here, high flows are now rare, have very short
duration, and occur months later than the estimated natural floods. These changes to the
natural flood regime were already underway during the early 20th century, but the
magnitude of the perturbation was much less. Before the completion of Elephant Butte,
there were distinguishable annual flood peaks at El Paso and near Presidio. Near Presidio,
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the magnitude of the measured 2-yr flood was 42% less than the estimated natural 2-year
flood. Overall, the small floods of the estimated natural flow regime are now common
floods, common floods of the estimated natural flow regime are now 20 to 50-year
floods, and today, no floods occur during drought years.
Measured base flows also decreased compared to estimated natural flows.
Between August and March, base flows were much lower than those of the estimated
natural flow regime. During the late 20th century, the highest measured base flows were
within the interquartile range of the estimated natural base flows; thus, today’s rare high
base flows were once the common base flows estimated in the natural flow regime.
Measured base flows were the least perturbed at Otowi Bridge and most perturbed near
Presidio. Today’s base flows at San Marcial, El Paso, and near Presidio are zero
occasionally during summer months.
We applied the same analytical change point method to the estimated natural
mean annual flow, annual maximum flow, and annual minimum flow, and found no
strong evidence for large-scale shifts in natural runoff. We identified one abrupt change
in the time series of mean annual flow at San Marcial. Elsewhere, the estimated natural
flows have slowly decreased, with no abrupt changes during the 20th century. This is the
case near Lobatos, at Embudo, Otowi Bridge, El Paso, and near Presidio. Mean annual
flows changed abruptly around 1978 at San Marcial, which was the time of the highest
estimated natural flows of the 20th century. There were statistically significant, gradual
decreases in mean annual, annual maximum, and annual minimum flows near Lobatos,
and in mean annual and annual minimum flows at Embudo. We estimate that the natural
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base flows gradually increased downstream from Otowi Bridge throughout the 20th
century.

5.4 Mass Balance Validation
Other mass balance methods used to calculate natural flows rely on uncertain
estimates of evaporation, conveyance losses, and other processes. Our method eliminated
uncertainty involved with estimating the many unknown parameters of a water budget,
because we primarily relied on measured stream flow data and estimates of reservoir
storage. Thus, the only measurement uncertainty in our method is associated with the
accuracy of discharge measurements. In cases where data were missing, we made no
attempt to interpolate or extrapolate data; instead, we extended the segment to the next
upstream gage. This strategy decreased the accuracy of un-gaged flow calculations and
explicitly underestimated the natural stream flow of those days. Our method likely
overestimated flows in regions with significant irrigation, because we assumed that
inflow equals outflow during the majority of the irrigation season, thus eliminating any
natural depletions for part of the year.
We compared our results with other mass balance and flood magnitude estimates
for the region to determine how our assumptions affected the model. There are several
water supply studies, or datasets, for the northern branch that can be used to estimate
natural flows or inflows. We acquired provisional, un-regulated daily stream flow
estimates from the USACE Albuquerque District for long-term gages between Del Norte
and El Paso, based on the Upper Rio Grande Water Operations Model (URGWOM).
URGWOM is a comprehensive accounting model developed for the northern branch that
uses traditional water budget methods (USACE, 2013a, 2013b). The un-regulated
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URGWOM flows remove most human influences by accounting for diversions, other
human inputs, and routing flow through reservoirs. However, output of the URGWOM is
not considered a true estimate of natural conditions, because the output does not account
for natural depletions, ground-water influence, or other difficult-to-measure hydrologic
interactions (Marc Sidlow P.E., U.S. Army Corps of Engineers Albuquerque District,
personal communication, December 13, 2017). The Natural Resources Conservation
Service (NRCS) also reports monthly natural stream flow estimates for gages between
Del Norte and San Marcial (https://wcc.sc.egov.usda.gov/reportGenerator/). There is little
information on the NRCS methodology, but the data are described as being adjusted for
human regulation and use upstream from each gage (NRCS, 2016). Several other local
water budgets have been calculated for the river segment between Otowi Bridge and San
Marcial (MRGWA, 1999; SSPA, 2000, 2004), but these water supply studies do not
account for upstream regulation or depletions. Downstream from El Paso, the IBWC
estimated annual average natural yield that was used to inform treaty negotiations for
equitable distribution of water. Natural, unregulated peak flows have been estimated at
eight gages on the northern branch using a linear regression modeling approach that
relied on correlations among reservoir storage, peak inflows, and peak outflows to adjust
downstream discharges (Bullard & Lane, 1993).
We used three common metrics to evaluate the agreement between our estimated
daily natural flows and the URGWOM un-regulated daily flows: Nash-Sutcliffe
Efficiency (NSE), percentage bias (PBIAS), and the ratio between the RMSE of our
estimates and the standard deviation of the URGWOM flows (Moriasi et al., 2007). NSE
measures how well the plot of simulated versus observed data fits the 1:1 line, based on
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the variance of the residuals and the variance of the data. NSE values range from −∞ to
1.0 with values between 0.0 and 1.0 considered acceptable performance. PBIAS
measures the tendency of simulated data to be greater than or less than observations as a
percentage; values close to 0.0 are considered optimal. A positive PBIAS is indicative of
overestimation while a negative PBIAS is indicative of underestimation. A ratio of
RMSE and standard deviation of the observed data ≤0.5 is considered optimal. Our
estimated natural flows at Lobatos had the best agreement with the URGWOM unregulated flows (Fig. 2.7a). The ratio of the RMSE and the standard deviation of
URGWOM values was 0.32, and the NSE coefficient was 0.9. Our estimates tended to be
higher than URGWOM values with a PBIAS = 13.5. The agreement between our
estimates and the URGWOM un-regulated flows at Otowi Bridge were excellent (Fig.
2.7b). Here, the ratio of the RMSE and the URGWOM standard deviation was 0.47, the
NSE coefficient was 0.78, and our estimates tended to be higher with a PBIAS of 25. At
San Marcial, the ratio of the RMSE and the URGWOM standard deviation was 0.91, the
NSE coefficient was 0.17, and our estimates were higher with a PBIAS of 91 (Fig. 2.7c).
We did not compute any metrics of fit with NRCS flows, because they did not differ
substantially from measured flows at each gage (Fig. 2.7). We cannot conclude that the
NRCS estimates are comparable to our estimates without additional information on the
NRCS flow adjustment methods. There is a noticeable difference between URGWOM
data and NRCS estimates that suggests either a difference in methods or of input data.
Downstream from Otowi Bridge, tributary inflows and precipitation are more
variable than in the northernmost part of the watershed. The agreement between our
estimated natural flows and URGWOM un-regulated flow estimates at gages downstream
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from Otowi Bridge were unsatisfactory. The URGWOM estimates do not consider ungaged inflows downstream of Otowi Bridge, which leads to underestimation of natural
flows for portions of the year (Marc Sidlow P.E., U.S. Army Corps of Engineers
Albuquerque District, personal communication, Dec. 13, 2017). However, the difference
between our estimates and those of URGWOM also likely arises due to the fact that our
method underestimates the natural depletions for this region, which are substantial in the
downstream part of the watershed. A probabilistic water budget for the region between
Otowi Bridge and San Marcial calculated a natural inflow of approximately 489 x 106 m3
with natural depletions from riparian evapotranspiration and open water evaporation of
approximately 382 x 106 m3. Accounting for these losses, this equates to a total increase
in flow of 107 x 106 m3 with a standard deviation of 208 x 106 m3 (SSPA, 2004). Our
natural flow method estimates an increase of flow between 13 and 536 x 106 m3 with a
central value of 285 x 106 m3. The error between the two estimates is less than one
standard deviation of the SSPA water supply study; however, our error band is large
enough to encompass the variability of estimated natural depletions.
The IBWC estimated that the annual average, natural supply of the Rio Grande
delivered to the Gulf of Mexico was between 10 and 12 km3 (Enriquez-Coyro, 1976). The
estimated annual supply between Ft. Quitman and the Gulf of Mexico was approximately
8.9 km3. The difference between annual supply of the entire river and annual runoff
downstream from Ft. Quitman provides an estimated range of average annual natural
runoff for the northern branch of 1.1 to 3.1 km3. Our method yields an estimate of the
average annual natural runoff during the 20th century between 1.4 and 3.7 km3 with a
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central value of approximately 2.51 km3, which is within the range of the IBWC
estimates.
Bullard and Lane (1993) estimated instantaneous flood peak magnitudes at gages
between Embudo and El Paso for unregulated flow conditions. We estimated peak flood
magnitudes based on maximum mean daily flows. Bullard and Lane (1993) did not
incorporate irrigation losses or the effects of flow regulation from small reservoirs in
Colorado. Based on these exclusions, despite their estimation of instantaneous data, we
expected Bullard and Lane’s (1993) estimates to be lower than ours. We did not compute
standard metrics of fit for this comparison, because we compared four different
recurrence intervals with one observation each, for the three gages. Visually the fit was
very close to the 1:1 line, suggesting that our method produced reasonable flood
magnitudes when compared to a very different statistical approach for reconstructing
peak discharges. Our estimates tended to be greater than those of Bullard and Lane
(1993). Our estimates of the magnitude of the 2-year recurrence flood tended to be
slightly higher for all three locations (Fig. 2.8). We found better agreement with our
estimates of the magnitude of the 5- and 10-year recurrence floods. Our estimated 50year recurrence flood magnitudes had the worst fit, which tended to be much lower than
those of Bullard and Lane (1993) except at Otowi Bridge.

6 Discussion
6.1 Limitations and Additional Uncertainties
Our model is based on several assumptions. These assumptions were inspired by
the intended purpose of our method as well as the nature of data for the Rio Grande. The
treatment of missing data and our method of identifying human consumptive losses
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affected model accuracy. We ignored gages when data were missing and adjusted the
control volume to the next upstream gage, because such a strategy had minimal effect on
our estimates in a river with such abundant data. Additionally, we depict the daily natural
flow regime using the interquartile range of daily flows for all years, which minimizes
the significance of missing data or estimation uncertainty resulting from our assumptions.
The uncertainty associated with our method is dependent on the number of gages
used to estimate un-gaged flows and is represented by our calculated error bands. This
uncertainty mainly affects estimated magnitudes and does not affect estimates of other
components of the flow regime such as timing, duration, and frequency of flow events.
An alternative approach would be to keep the number of control volumes fixed and
estimate the missing data using a techniques such as linear regression. For certain rivers,
this might be a better approach, but the uncertainty from whichever method is used to fill
missing data would accumulate in our model. Most methods for filling missing data also
do not accurately maintain the timing, duration, and frequency of flow events except in
basins where flows are spatially correlated. The un-gaged flows term in our model
contains information on natural inflows, diversions, returns, evapotranspiration, open
water evaporation, and ground-surface water interactions. Our method of identifying
human-caused depletions has the greatest effect on our results, because it does not
accurately capture all natural consumptive losses. We assume zero depletions for periods
when un-gaged flows are negative for 30 or more consecutive days, such that we
assumed that outflow of a segment equals inflow. This threshold for adjusting flows
undoubtedly overestimated flows where natural depletions are high and underestimated
where natural inflows are greater. This is the major limitation of the model presented in
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this study; however, we sought to present our method in its simplest form. One
alternative would be to adjust negative un-gaged flows by drainage area or apply a
discharge-dependent function for transmission losses. Ultimately, the method used to
identify and adjust un-gaged flows for depletions is user-defined to meet specific
objectives.
The specific objective of applying our mass balance method to the Rio Grande
was to quantify the 20th century changes in stream flow and provide an ecologicallyrelevant quantification of the natural flow regime. Because we were focused on all
components of the flow regime, we made assumptions that placed less importance on
volume of flow. Thus, using our method for water supply studies would require a more
accurate representation of flow volume. For example, we excluded wastewater discharge,
trans-basin diversions upstream of Del Norte, and inflows from the Closed Basin Project
located at the northern end of the San Luis Valley. Although wastewater inputs can be
large relative to measured flows in New Mexico and in Ciudad Juarez-El Paso, these
inputs are less than 3% of the estimated natural flow volume. Also, because these inflows
are relatively constant through time, they have a very small effect on daily stream flow
magnitudes. This is similarly true for the minor trans-basin inflows upstream from Del
Norte. The Closed Basin Project in Colorado imports water from a topographically
isolated region that is within the Rio Grande watershed. This project has only been
operated since 2000 with an average annual inflow of 20 x 106 m3, which is 3% of the
estimated natural flow volume at Lobatos. Despite the treatment of missing data and
various assumptions, our method provides comparable results with more comprehensive
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models that use traditional mass balance methods, and estimate all the terms of a water
budget.
There is also an additional component of unquantifiable uncertainty associated
with natural versus contemporary channel conditions. We acknowledge that our estimates
are a representation of current conditions including riparian vegetation and channel
modifications that effect our estimated travel times and transmission losses. The channel
morphology and riparian vegetation that would exist under natural conditions is
unknown, and further research would be needed to describe the effects of these changes
on daily natural flows. However, this assumption may not apply to river basins with less
channel modifications.

6.2 Effects of Development on the Modern Flow Regime of the Rio Grande
The natural flow of the northern branch gradually decreased during the 20th
century, likely driven by large-scale changes in climate or land use. We observed only
one abrupt shift in the natural flow regime, which coincided with the onset of above
average mean annual flows in the late 20th century. In contrast, actual flows decreased
abruptly, and these coincided with changes in infrastructure and reservoir operations. The
existence of many more change points in the time series of measured flows demonstrates
that the magnitude and spatial pattern of consumptive losses from irrigation exerts a
significant influence on the flow regime. Also, main stem and tributary reservoirs exert a
secondary control on the flow regime by providing flood control and steady base flows
that facilitate irrigation diversions. At El Paso and near Presidio, the influence of
irrigation and reservoirs increases, as demonstrated by the greater number of change
points relative to the upstream portion of the watershed. Here, the flow regime is
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completely regulated by releases from Elephant Butte and Caballo Reservoirs to meet
consumptive demands of the RGP and obligations of the 1906 Convention. Our results
suggest that the effect of irrigation and infrastructure operations in this region is to
amplify climate fluctuations.
The operation of RGP reservoirs is influenced by upstream consumptive losses.
The late 20th century drought and late 20th century high flow period did not exist
upstream from Elephant Butte; thus, these periods were created by management actions.
Although annual runoff from the northern branch headwaters was below average in the
1950s and above average in the 1980s, there were no change points in response to these
dry and wet cycles upstream from Elephant Butte. The northern branch of the Rio Grande
has a highly variable natural flow regime. The river has periods of drought in which
available water supply does not meet the full consumptive demand. The Rio Grande
Compact was designed to account for year-to-year variability in supply by mandating
flows near Lobatos and at San Marcial based on flows measured near Del Norte and at
Otowi Bridge, respectively. The mandated flows near Lobatos account for consumptive
use downstream, because central New Mexico’s water demands, combined with required
inflows to Elephant Butte Reservoir, are greater than the natural runoff between Lobatos
and San Marcial. Although the operating rules for Elephant Butte are not defined by the
Compact, non-compliance with mandated flows at upstream gages can create a deficit of
inflows to Elephant Butte Reservoir that in turn affects releases further downstream,
which was the case during the late 20th century drought period. Thus, the combination of
RGP operations and non-compliance with the Rio Grande Compact could make low flow
conditions more severe downstream from Elephant Butte. Conversely, when substantial
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amounts of inflow reach Elephant Butte, reservoir releases are much larger because of
surplus water. This was the case in the 1980s and resulted in the only observed floods at
El Paso and near Presidio since 1945 (Everitt, 1993).

6.3 Geomorphic Implications of Natural Flows
At the onset of gaging, the decreasing stream flow of the northern branch was
already causing an imbalance between flow and sediment supply that resulted in channel
aggradation in New Mexico and Ciudad Juarez-El Paso (Mueller, 1975; Scurlock, 1998;
Stotz, 2000). The construction of dams and conveyance infrastructure disrupted the
widespread pattern of aggradation by creating segments of sediment deficit downstream
from Cochiti Dam (Lagasse, 1981; Schmidt and Wilcock, 2008) and Elephant Butte Dam
(Ainsworth and Brown, 1933; Schmidt & Wilcock, 2008; Stevens, 1938). The sediment
deficit downstream from each dam transitioned to sediment surplus farther downstream
where local sediment inputs increased, such that channel narrowing and aggradation
continued in some segments of the channel network (Everitt, 1993; Swanson et al., 2011).
The spatial pattern of channel aggradation and narrowing demonstrates that the natural
sediment supply of the northern branch is large. Our estimated natural flow regime
provides one estimate of flows needed to transport the natural sediment supply to the sea.
Relatively little is understood about the natural hydrologic or geomorphic
connectivity between the northern branch and the lower Rio Grande. Downstream from
the Rio Conchos, the lower Rio Grande has been perturbed into sediment surplus,
because the flow regime has been reduced much more than the sediment supply (Dean &
Schmidt, 2011; Dean et al., 2011). In this study, we estimated that the total annual flow
of the northern branch near Presidio has been reduced by approximately 95%, which

46
greatly reduced the sediment transport capacity. However, discussions about the changing
sediment dynamics of the lower Rio Grande do not include estimates of the sediment
supply, nor the additional transport capacity, that was delivered by the un-disturbed snow
melt flood.

6.4 Implications for Estimating Environmental Flows
Native ecosystems that evolved under our estimated, natural flow regime have
experienced protracted degradation. Ecosystems today that evolved with the natural flow
regime may not be recoverable unless those natural life history cues are restored (Gore &
Shields, 1995). Today, environmental conditions and the actual flow regime are less
desirable for native species on the northern branch. This is apparent with the loss of once
flourishing endemic organisms (Alo & Turner, 2005; Bestgen & Platania, 1991; Cowley,
2006; Cowley et al., 2006; Edwards & Contreras-Balderas, 1991; Howe & Knopf, 1991;
Medley, 2009; Medley & Shirey, 2013; Shiery et al., 2008). The pre-disturbance aquatic
ecological structure of the lower Rio Grande is less well known, but the amount of
threatened or endangered species (CEC, 2014) suggests a similar level of degradation.
Given the ecological response to a declining flow regime, it is reasonable to assume that
the snowmelt peak was important for life history cues (Archdeacon, 2016; Junk et al.,
1989;).
Environmental flows are defined as the amount of stream flow needed to maintain
certain ecosystem functions and are used as a tool to balance human and ecosystem water
needs. Restoration of the natural flow regime of the Rio Grande is not possible, and
proposals for environmental flows focus on determining the minimal amount of stream
flow required to improve aquatic habitat or benefit specific organisms. Environmental
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flows are being considered on the northern branch and in the Big Bend region of the
lower Rio Grande. The primary objective on the Rio Grande is to restore environmental
conditions that are conducive to native species, particularly the federally-listed
endangered Rio Grande Silvery Minnow. Degraded or limited habitat was identified as a
primary factor contributing to the decline of this species; therefore, environmental flows
are focused on inundation of the floodplain and maintaining desirable channel
morphology (CEC, 2014; Lane et al., 2014; Sandoval-Solis and McKinney, 2014;
USFWS, 2010).
There are hundreds of methods used to quantify environmental flows, but the
most common approach uses statistical analyses of hydrologic data in the form of
naturalized stream flow (Tharme, 2003). There have been little to no analyses or
recommendations of environmental flows on the northern branch. The flow regime in the
Big Bend was analyzed using existing discharge records (Dean & Schmidt, 2011;
Sandoval-Solis et al., 2010; Schmidt et al., 2003) and initial environmental flow
recommendations were made by the interdisciplinary Upper Rio Grande Basin and Bay
Expert Science Team (BBEST). Recommendations were based on statistical analysis of
the earliest stream flow records. Our results demonstrate that the earliest flow records of
the Rio Grande describe a significantly perturbed flow regime.
To explore the effects of using early stream-flow records for environmental flow
recommendations on the northern branch, we calculated common environmental flow
statistics (Poff and Ward, 1989; Richter et al., 1996, 1997) using our estimated natural
flows and the measured early and late 20th century flows at San Marcial (Table 2.2). The
estimated natural mean annual flow is nearly 2 times the magnitude of the early 20th
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century measured mean annual flow. The estimated natural weekly minimum flow of
each year was much greater than zero, and there were no days when flow was zero.
Extreme low flows of the estimated natural flow regime occurred in the winter, rather
than the summer, and were four times shorter in duration than those measured during the
early 20th century. Our estimated natural floods receded nearly 30% slower than the
earliest measured floods and were 24% greater in magnitude. However, the separation
between estimated natural base flows and peak flood magnitude was less than the earliest
measured records. Thus, basing environmental flow recommendations on existing
stream-flow data for the northern branch undermines potentially important geomorphic
and ecological drivers.
Although full restoration of the natural flow regime is impossible, certain
components might be scaled down to create a flow regime that mimics the variability of
the natural flow regime. We used the statistics calculated for the early 20th century (19001944) data to design a scaled-down hydrograph that maintains the stream flow
characteristics of the earliest gaged flows. The hydrograph was scaled using a method
based on a common environmental flow technique (Tennant, 1975, 1976), where we
calculated monthly flows and flood components as a proportion of the mean annual flow.
We assumed that the mean annual flow measured at San Marcial during the late 20th
century (1950-2010) was representative of the available water for environmental flows.
Rather than using the same approach, we took advantage of the precise daily
results provided by our model to develop a hydrograph similar to that of the estimated
natural flow regime. We calculated the total annual flow of the hydrographs formed by
each percentile of our estimated mean daily natural flows, where each percentile was a
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scaled hydrograph. Using the relationship between percentile of daily flows and total
annual flow, we identified the scaled-down hydrograph that maintains natural flow
variability, but whose total annual flow is equivalent to the modern average total annul
flow at San Marcial. This method allows managers and researchers to specify the quantity
of water available for environmental flow purposes and easily determine how that volume
of water should be distributed throughout the year to mimic the natural flow regime. The
hydrograph developed using the early stream flow record is noticeably different than the
hydrograph developed using our estimated natural flows (Fig. 2.9). We also estimated a
scaled-down hydrograph developed using the estimated natural flow statistics in Table 2
but using monthly data to illustrate that this variation is not due to the difference in
methods. The main differences are between the annual floods and the summer/fall base
flows. The annual flood developed using early gaging records was larger than the annual
flood of the estimated natural flows, because the ratio between maximum discharge and
mean annual flow was 6.5 for the early 20th century and only 4.7 for the estimated natural
flows.

7 Conclusions
The availability of natural flow data and the advancement of methods used to
estimate natural flows has lagged behind commonly used environmental flow estimation
techniques that routinely depend on these data. Simple, and accurate, methods to estimate
the natural flow regime are needed to make informed environmental flow decisions on
significantly disturbed rivers.
We developed a mass balance model that can be used to estimate the dailyresolution, natural flow regime of any river basin using only modern stream flow data.
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This method is especially useful for long-perturbed rivers or those with limited
consumptive loss data. This method is advantageous over traditional mass balance
methods, which require large amounts of measured or simulated data to quantify each
term in a water budget and have large uncertainties in the estimates.
We tested our method on the northern branch of the Rio Grande, which has a long
history of water development and large-scale depletions that alter the flow regime. We
were able to estimate the daily-resolution, natural flow regime characteristic of the last
century, including the early 20th century before irrigation diversions were measured. We
also quantified the difference between modern and natural conditions. Such estimates
have not previously been made.
We determined that the total annual flow of the northern branch of the Rio Grande
at its confluence with the Rio Conchos is 95% less than the estimated natural flow.
Where a snowmelt flood once characterized the annual hydrograph, there are only small
flash floods from summer and monsoon rains, and a large portion of the watershed, which
produced approximately 23% of the annual flow, now contributes virtually no flow to the
lower Rio Grande. The methods presented in this study provide accurate and high
resolution natural flows which can be used for more precise and accurate environmental
flow analyses or for other ecological applications. With more basin-specific information,
and some alteration to our basic assumptions, this method could also be used for
accounting and stream flow forecasting. Our study provides a point of reference to
understand the magnitude of present-day impacts to the flow regime and to understand
the regime in which the native flora and fauna evolved.
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Table 2.1: Summary of the periods of flow regime change identified during the 20th
century
Del Norte, CO

Annual
Max

Annual Mean

Annual Min

Long-term trends (1900-2010)
Early 20th century (1900-1929)
Late 20th century (1931-2010)

None
No change
points

-0.05 m3/s/yr
No change
points

None
5.2 m3/s
3.4 m3/s

Lobatos, CO

Annual
Max

Annual Mean

Annual Min

Early 20th century (1900-1948)
Late 20th century (1950-2010)
Embudo, NM
Early 20th century (1900-1948)
Late 20th century (1950-2010)
Otowi Bridge, NM
Long-term trends (1900-2010)
Early 20th century (1900-1948)
Late 20th century (1950-2010)
San Marcial, NM
Early 20th century (1900-1948)
Late 20th century (1950-2010)
El Paso, TX
Early 20th century pre-Elephant
Butte (1900-1911)
Early 20th century postElephant Butte (1913-1943)
Late 20th century (1951-2010)
Late 20th century drought
(1951-1984)
Late 20th century high flows
(1985-2010)
Near Presidio, TX
Early 20th century pre-Elephant
Butte (1900-1911)
Early 20th century postElephant Butte (1913-1949)
Late 20th century drought
(1951-1968)
Late 20th century high flows
(1984-2010)

Median
Flood
Duration

Median
Flood
Date
-

Median
Flood
Date
5/24
5/21
Median
Flood
Date
5/22
5/19
Median
Flood
Date
5/16
5/19
Median
Flood
Date
5/12
5/23
Median
Flood
Date
5/31

Annual Mean

Annual Min

-0.1 m3/s/yr
No change
points

0.03 m3/s/yr
No change
points

Annual Mean

Annual Min

41 m3/s
27 m3/s

-

Annual Mean

Annual Min

280 m3/s

35 m3/s

-

Median
Flood
Duration
74 days
80 days
Median
Flood
Duration
83 days
93 days
Median
Flood
Duration
89 days
89 days
Median
Flood
Duration
75 days
73 days
Median
Flood
Duration
77 days

110 m3/s

23 m3/s

-

46 days

7/17

53 m3/s

11 m3/s

-

*65 days
-

7/29
-

18 m3/s

-

-

-

Annual Mean

Annual Min

187 m3/s

24 m3/s

-

Median
Flood
Duration
85 days

Median
Flood
Date
6/12

76 m3/s

10 m3/s

-

50 days

8/11

18 m3/s

0.8 m3/s

-

*35 days

8/20

35 m3/s

9.2 m3/s

-

*71 days

9/16

139 m3/s
57 m3/s
Annual
Max
159 m3/s
87 m3/s
Annual
Max
None
273 m3/s
135 m3/s
Annual
Max
322 m3/s
119 m3/s
Annual
Max

No change
points
Annual
Max

21 m3/s
11 m3/s
Annual Mean
29 m3/s
21 m3/s

No change
points
Annual Min
No change
points

All metrics are given as average values for the given time period unless labeled otherwise.
*These durations describe the longest observed period of consecutive flows that had an exceedance
probability ≥ 0.4 in a given year; thus, these durations are not describing an actual flood peak but the
period of the highest flows that included the largest flood spike of the year. The actual peak would be
much shorter in duration.
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Table 2.2: Comparison of common environmental flow metrics for San Marcial
Metric

Environmental
Flows using
Estimated Natural
(1900-2010)

Environmental
Flows using
Measured flow
(1900-1944)

Environmental
Flows using
Measured flow
(1950-2010)

Magnitude:
Baseflows
Mean annual Flow (m 3/s)
71
41
28
Median annual 7-day
17
0
1.4
minimum (m3/s)
Low flow – baseflow ratio
0.26
0
0.05
Floods
Median annual daily
331
268
112
maximum (m3/s)
High flow – baseflow
4.7
6.5
4
ratio
Duration:
Baseflows
Median extreme low flow
2.5
10
7
duration (days)
Floods
Flood rate of rise
3
3
2.5
(% of flood
magnitude/day)
Flood recession rate
2
3
3.5
(% of flood
magnitude/day)
Timing:
Baseflows
Median extreme low flow
11 Dec
1 Sep
23 Aug
date
Floods
Median peak flood date
28 May
12 May
27 May
Frequency:
Baseflows
Median number of zero
0
11
0
flow days per year
Floods
Median number of high
5
7
5
pulse flows per year
Median values are calculated per year for the specified period. Extreme low flows were
calculated as less than the 90th exceedance probability from a flow duration curve. High pulse
flows were identified as flood peaks greater than the 25 th exceedance probability from a flow
duration curve. Small floods were high pulse flows with a recurrence interval between 2 and 10
years; large floods were high pulse flows greater than the 10-year flood. High flow – baseflow
ratio is median daily max divided by mean annual flow. Low flow – baseflow ratio is median 7day minimum divided by mean annual flow.
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Figure 2.1. Maps showing a) the Rio Grande basin with major tributaries; and b) inset of
the northern branch of the Rio Grande with stream flow gages displayed as circles,
reservoirs as triangles, and the San Juan-Chama Project trans-basin diversion as a square.
Primary gages with a period of record to 1900 are labeled with station identification
numbers; Ft. Quitman, Elephant Butte dam, and Cochiti dam are labeled for geographic
reference.
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Figure 2.2. Diagram showing duration of gaging at each site used in mass balance model.
Horizontal lines represent available data for each gage, vertical lines mark the closure of
reservoirs. Shaded rectangles represent available storage data used in mass balance
model. Primary long-term gages that have a record to 1900 or earlier are bolded with
boxes around the labels.
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Figure 2.3. Graphs showing a) mean annual storage in Elephant Butte Reservoir with
annual releases since its closure; and b) the cumulative difference between actual flow
and flow required by the Rio Grande Compact at Lobatos and San Marcial. When the
cumulative difference between actual and required flow is negative there is a deficit,
when it is positive there is a surplus. The black line in b) shows the sum of deficits or
surplus at Lobatos and San Marcial, which is the cumulative deficit or surplus in the
basin upstream of Elephant Butte according to the Rio Grande Compact. The shaded red
regions are the periods of flow regime change observed after 1950 near Presidio.
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Figure 2.4. Graphs showing summary annual hydrographs for estimated natural flows in
blue and measured late 20th century flows at a) Lobatos, b) Otowi Bridge, c) San Marcial,
and d) near Presidio. The bold line is shows the median (Q0.5) daily discharges and the
shaded region is the interquartile range of daily discharges (Q0.25 to Q0.75).
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Figure 2.5. Scaled line diagram showing average annual inflows (blue lines) and
consumptive losses (red arrows) of the northern branch in million cubic meters for a)
estimated natural conditions between 1900 and 2010; and b) modern conditions during
the latter half of the 20th century (1950 – 2010).
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Figure 2.6. Boxplots of estimated natural and measured flood characteristics including a)
magnitude of the annual flood peak; b) timing of the annual flood peak; c) duration of the
annual flood in days; and d) the symmetry of the annual flood peak, or the ratio of rate of
rise to rate of fall. Boxplot structure is standard with the interquartile range within the
shaded region, the median is the line inside the shaded region, and whiskers are extreme
values excluding outliers, which are shown as dots (calculated as 1.5xIQR). Blue
boxplots represent estimated, natural conditions; green boxplots represent measured
conditions during the early 20th century; and red boxplots represent measured late 20th
century conditions that exist today.
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Figure 2.7. Graphs showing the estimated natural total annual flow in blue with shaded
error band, measured total annual flow in black, URGWOM estimated un-regulated total
annual flow in dashed red, and NRCS adjusted total annual flow in dashed yellow for a)
Lobatos; b) Otowi Bridge; and c) San Marcial. To the right of each time series is an x-y
comparison plot of our estimated daily natural flows on the y-axis and URGWOM unregulated flows on the x-axis at that gage, the dashed line represents the 1:1 line of the
two datasets.
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Figure 2.8. X-Y plots showing
the comparison of estimated
natural peak flood magnitudes
with estimated unregulated peak
flood magnitudes calculated by
Bullard and Lane (1993) for a)
Otowi Bridge; b) San Marcial;
and c) below Elephant Butte
Dam. Modeled, natural flood
magnitudes for the 2, 5, 10, and
50 year recurrence interval
(colored points), using mean
daily discharge, are on the y-axis.
Bullard and Lane estimates using
annual peak discharge data are on
the x-axis. The dotted line shows
the 1:1 line which represents an
exact fit. Points above this line
are overestimated by our model,
while points below are
underestimated.
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Figure 2.9. Graph of monthly natural hydrographs for San Marcial designed using the
earliest stream gage records (red) and natural flows estimated by our mass balance model
(dotted-blue), compared with the hydrograph formed by the 13th Percentile of the
estimated natural flows (black) which has a total annual flow equivalent to the average
total annual flow measured at San Marcial during the late 20th century. The shaded blue
region is the interquartile range of the estimated natural flows that represents the actual
magnitude of the natural flow regime.
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CHAPTER 3
THE EFFECT OF LARGE FLOODS ON THE DISTRIBUTION AND FORMATION
OF ALLUVIAL DEPOSITS IN BOQUILLAS CANYON, TEXAS AND COAHUILA 2

Abstract
Large floods seem antithetical to the semi-arid landscape found in the Big Bend
region of the lower Rio Grande. But parts of the lower Rio Grande basin are in the path
of tropical cyclones that move inland from the Pacific Ocean and Gulf of Mexico;
therefore, large floods are a major component of the Rio Grande’s flow regime. The flow
regime of the Rio Grande has undergone significant changes during the last century such
that even the largest floods have been reduced in magnitude. In the Big Bend, declining
flows have caused the Rio Grande to narrow progressively during the last five decades.
Today, occasional large floods are the most effective mechanism for transporting the
large quantities of stored sediment and play an important role in modern channel and
floodplain formation. Paleo-flood studies in the Rio Grande basin have determined the
magnitude and frequency of past large flood events, but they do not incorporate changes
to the flow regime and how these changes may have altered the formation of alluvial
deposits. To answer these questions, we mapped and analyzed the full extent of
geomorphic units and flood deposits in a 29 km long canyon in the Big Bend region. We
interpreted the depositional environment and described the sedimentology of fine-grained
alluvial deposits. We estimated deposition dates using optically stimulated luminescence
and estimated the discharges required to inundate deposits using FaSTMECH, a quasi-3dimensional flow model. Based on these analyses, we determined that the distribution of
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fine-grained deposits has changed through time and is now linked to the modern flow
regime. Deposits from past large floods have been abandoned due to the decrease in large
flood magnitude and today, large floods are only effective at eroding certain depositional
environments within the canyon.

1 Introduction
Floods are responsible for the dynamic nature of rivers and are the most important
events shaping a river channel. In semi-arid regions, like the American southwest, the
ratio of large floods to baseflows is much greater than in other landscapes. The
combination of sparsely vegetated drainages and short bursts of intense rainfall creates a
mechanism for flash floods due to rapid surface runoff. In this geographic and climatic
setting, larger floods are more effective at influencing channel and floodplain formation
than the average annual floods (Baker, 1977; Burkham,1972; Dean & Schmidt, 2013;
Huckleberry, 1994). Rivers that begin in distant headwaters and flow through desert
regions, or exotic rivers, are often the most altered by human activities. Altering the flow
regime can increase the ratio of large floods to base flows, especially where mean annual
flows decline but the magnitude of large floods do not. Thus, changes to stream flows
caused by diversions and flow regulation can create a complex flood regime that alters
the effectiveness of certain floods in forming the channel or floodplain.
The Rio Grande is an example of an exotic river that is shaped in-part by large
flood events. Most exotic rivers typically have long-duration floods that rise and fall
relatively slowly. However, floods on the modern Rio Grande are typically shortduration, rising and falling in a matter of days or weeks. Since the late 19th century, the
flow regime of the Rio Grande has undergone significant and prolonged alteration caused
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by the construction of dams, levees, and irrigation diversions to support large agricultural
regions (Blythe & Schmidt, 2018; Dean & Schmidt, 2011; Everitt, 1993; GonzalezEscorcia, 2017; Schmidt et al., 2003). Changes in the flow regime have included major
reductions in base flows and flood magnitudes, causing progressive channel narrowing
because fine sediment continues to be delivered from desert flash floods and the
mainstem does not have the capacity to transport this sediment downstream (Dean &
Schmidt, 2011; Dean et al., 2011; Everitt, 1993). Previous research has demonstrated that
approximately once every decade or two, catastrophic floods evacuate fine sediment that
is stored in the channel and floodplain (Dean & Schmidt, 2011; Dean et al., 2011). Thus,
the present river landscape reflects the interplay between common floods that perpetuate
channel narrowing and large floods that counteracts this cycle of narrowing. Large floods
exist in the contemporary flow regime of the Rio Grande and although the magnitude of
these large floods has decreased with regulated flow, it is unclear if the frequency of
these events has changed.
In this study, we examine the history of large floods in the Big Bend by applying
paleo-flood hydrology methods and sedimentological analysis in a canyon reach of the
river. The Big Bend is the segment of the Rio Grande between its two largest tributaries,
the Rio Conchos and the Pecos River. We identified the type, distribution, and age of
fine-grained alluvial deposits and geomorphic units formed by floods in Boquillas
Canyon, the longest canyon in the Big Bend outside of the Lower Canyons. Floods
required to inundate fine-grained alluvial deposits were compared with measured floods
using flow modeling. Using this approach, we constructed a geomorphic history of finegrained sediment deposition in Boquillas Canyon for the first time, allowing us to

73
compare with similar studies conducted in the alluvial valleys of the region.
Understanding the history of sediment deposition or erosion in these different landscape
settings is crucial for better understanding the spatial patterns between changes to the
flood regime and channel response.

2 Background
2.1 Hydrologic Change
The Rio Grande, called the Rio Bravo in Mexico, is the fifth longest river in
North America and drains approximately 550,000 km2 in the US and Mexico. Although
the contemporary Rio Grande does not rank among other large rivers by volume, its
geography creates a unique hydrology for the basin. The northern-most portion of the
watershed, hereafter referred to as the northern branch of the Rio Grande, begins in the
southern Rocky Mountains. The natural flow regime of the northern branch is typical of
Rocky Mountain snowmelt rivers with high flow occurring between April and July
(Blythe & Schmidt, 2018). At La Junta de los Rios (hereafter La Junta) near Ojinaga and
Presidio, the northern branch joins the Rio Conchos whose headwaters are in the Sierra
Madre Occidental of Chihuahua and Durango. The Rio Conchos and other lower Rio
Grande tributaries are fed by rainfall runoff.
In the absence of significant human intervention, the typical natural hydrograph of
the Rio Grande in the Big Bend would have consisted of two flood peaks, one in June and
one in September (Fig. 3.1). The annual high-flow season would have lasted for at least
five months. However, the expansion of irrigated agriculture before 1900 on the northern
branch significantly reduced the magnitude and duration of snowmelt runoff reaching La
Junta (Blythe & Schmidt, 2018). Similarly, early water development in Chihuahua
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reduced flood and base flows of the Rio Conchos (Gonzalez-Escorcia, 2017). By 1900,
when the International Boundary and Water Commission (IBWC) began continuous
stream gaging along the US-Mexico border, total annual flow entering the Big Bend was
already ~40% less than the estimated natural flow. Streamflow of the northern branch
further declined after the completion of Elephant Butte Dam in 1915. The Rio Conchos
also became increasingly regulated by a series of dams, the most significant of which
were La Boquilla closed in 1915, and Luis L. Leon that was closed in 1967. The average
annual and annual maximum discharges of the Rio Grande entering the Big Bend region
decreased greatly between 1940 and 1950 (Dean & Schmidt, 2011; Sandoval-Solis et al.,
2010), such that the total annual flow was 76% less than natural conditions (Fig. 3.1).
Today, the modern Rio Grande in the Big Bend has three major types of floods;
short duration tributary flash floods, long duration (> 5 days) moderate-magnitude floods
typically created by releases from Luis L. Leon Reservoir, and very large floods (> 1000
m3/s) that reset channel form (Dean & Schmidt, 2013). Reset floods are caused by long
duration and high intensity precipitation from tropical storms that occur over the Rio
Conchos watershed in late summer or early fall. Reservoir releases occasionally occur to
manage water supply demands in the Rio Conchos basin and to meet the terms of the
binational Treaty of 1944. Floods between 200 m3/s and 1000 m3/s are the primary
supplier of fine sediment that is deposited in the channel between large flood events
(Dean & Schmidt, 2011; Dean et al., 2011, 2016). Tributary floods and reservoir releases
typically occur on an annual basis; there have only been five reset floods during the latter
half of the 20th century (Dean & Schmidt, 2011; Dean & Schmidt, 2013). Thus, the large
floods that are the most significant flooding events in the Big Bend occur with decadal
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frequency in the modern flow regime. The last reset flood occurred in 2008 and caused a
significant amount of channel erosion and floodplain deposition (Dean & Schmidt, 2013).
However, during the first half of the 20th century, floods of the same magnitude occurred
nearly twice a decade and were twice as long in duration.

2.2 Paleo-flood Hydrology
Paleo-flood hydrology is the study of past floods using indirect methods to extend
the flood record beyond historic measurements (Baker, 1987; Baker, 2008; Ely et al.,
1993; Kochel & Baker, 1982). A common method for estimating paleo-flood magnitudes
relies on the preservation of fine-grained alluvial deposits as indicators of a past flood
stage (Baker, 1987). The discharge required to inundate deposits represents the minimum
stage of a flood and is estimated using hydraulic models. Because of the potential for
channel adjustments during large floods, paleo-flood analyses are typically done in
bedrock-constricted river reaches where channel geometry changes are minimized. Most
paleo-flood results focus only on the highest elevation deposits left by the largest floods,
but studies have shown that analysis of the stratigraphic record within fine-grained
alluvial deposits provides much more information about past floods than the just the
water surface elevation (Benito et al., 2003). Benito et al. (2003) were the first to
combine robust sedimentologic analysis with paleo-flood methods, which provided an
estimate of hydraulic and sediment load characteristics of past floods. Paleo-flood
hydrology techniques are useful for determining changes in extreme flood frequencies or
long-term climatic trends (Baker, 2008), but including sedimentologic analysis provides
comprehensive data on past flood regimes and sediment dynamics which can be used to
answer a variety of geomorphic change questions. However, few studies use the
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combination of sedimentology and paleo-flood analysis to describe hydrologic and
geomorphic changes caused by human activities.

3 Study Area
The Big Bend region (Fig. 3.2) is a diverse part of the Basin and Range in the
Chihuahuan Desert that includes isolated volcanic mountain ranges, sedimentary
plateaus, and intervening basins. Elevations range from 500 m above mean sea level to
greater than 2000 m in the isolated mountainous. Annual average temperature in the
region is between 16 and 22°C, and annual average precipitation is less than 310 mm per
year (PRISM, 2017); however, both temperature and precipitation vary with elevation.
July through September is typically the wettest time of year due to the North American
monsoon (Dean & Schmidt, 2011; Sandoval-Solis, 2010; Schmidt et al., 2003;
Woodhouse et al., 2012).
In the Big Bend, the river corridor of the Rio Grande can be subdivided into
canyons and alluvial valleys, distinguishable by the degree of lateral confinement and
channel slope (Fig. 3.3). There are three large canyons in Big Bend National Park--,
Santa Elena, Mariscal, and Boquillas – where the channel is partially or entirely confined
by bedrock and channel slope is between 0.001 and 0.003 (Fig. 3.3). All longitudinal
references for the Big Bend region are based on the distance downstream from the mouth
of the Rio Conchos. Intervening alluvial segments between the canyons in the national
park have an average slope of approximately 0.0009, although the gradient of alluvial
segments immediately upstream from canyon segments is somewhat flatter.
Boquillas Canyon is the longest of the three canyon segments and flows through
the Sierra del Caballo Muerto and Sierra del Carmen, approximately where the two
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mountain ranges converge (Fig. 3.2). All longitudinal distances referring to Boquillas
Canyon are the downstream distance from the start of the canyon at the Entrance Bar,
shown in Figure 2b. The Rio Grande in Boquillas Canyon cuts through the Upper and
Lower Cretaceous Glen Rose limestone, Del Carmen limestone, Sue Peaks formation,
Santa Elena limestone, and Boquillas formation (Maxwell et al., 1967; Page et al., 2008;
Turner et al., 2011). The canyons of the Big Bend formed as the river incised during the
Late Cretaceous – Early Tertiary Laramide Orogeny (Maxwell et al., 1967; Page et al.,
2008) when uplift created escarpments on major faults, such as the southwest face of the
Sierra Del Carmen (Page et al., 2008; Turner et al., 2011). The river in Boquillas Canyon
is partially or completely confined with discontinuous floodplain deposits separated by
talus slopes and bedrock terraces. Within Boquillas Canyon, the river shifts its eastern
course to the north and flows parallel to the west-facing monocline structure of the
northern Del Carmen range. Here, the channel slope decreases, canyon width increases,
and fine-grained alluvial deposits are more laterally extensive. Riparian vegetation is
sparse in Boquillas Canyon because controlled burns and herbicide spraying has been
successful in eradicating non-native giant cane (Arundo donax). Today, the riparian
community consists mostly of mesquite (Prosopis spp), common reed (Phragmites
australis), palo verde (Parkinsonia aculeata), tree tobacco (Nicotiana glauca), desert
willow (Chilopsis linearis), very few tamarisk, and the remaining giant cane.
The average width of Boquillas Canyon is between 80 and 100 m, which makes it
an ideal setting for paleo-flood analyses. Although alluvium is present in the canyon, it is
typically not thicker than 2 and 5 meters. This unconsolidated material creates
uncertainty when modeling very large floods because fine sediment that forms the
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channel boundary is reworked during floods. Thus, discharges estimated using finegrained alluvium as a stage indicator are considered a minimum estimate for a given
deposit (Baker, 1987). The lateral confinement of Boquillas Canyon is ideal for paleoflood analysis, but the canyon also represents a landscape setting in the Big Bend where
the geomorphology is largely unknown. Thus, describing the modern geomorphology and
history of channel change contributes to a greater spatial understanding of geomorphic
change on the Rio Grande.

4 Methods
To determine the relationship among different flow regimes, flood types, and the
formation of alluvial deposits, we first described the modern geomorphology and
sediment dynamics of Boquillas Canyon. This included analyzing the frequency and
attenuation of various floods and their sediment supplies using available gaging records
and continuous measurements of suspended sediment. We mapped fine-grained alluvial
deposits and active channel features, based on bed material, for the 28.3 km of Boquillas
Canyon. Deposition dates of fine-grained alluvium were estimated using optically
stimulated luminescence (OSL) and discharges required to inundate alluvial deposits
were estimated for two shorter reaches (< 2 km) within Boquillas Canyon. To link
alluvial deposition to past flow regimes we used the OSL dates, sedimentology, and flow
modeling for a paleo-flood analysis in which estimated flood discharges were compared
with magnitudes for the different flood types of the Big Bend and their frequencies in the
measured and estimated natural flow regimes.
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4.1 Flood and Suspended Sediment Supply Analysis
We analyzed the mean daily and instantaneous discharge records for six stream
gages in the Big Bend region upstream from Boquillas Canyon (Table 1). Three of these
stream gages are operated by the IBWC: (1) Rio Grande below Rio Conchos near
Presidio (08-3742); (2) Terlingua Creek near Terlingua (08-3745); and (3) Rio Grande at
Johnson Ranch near Castolon and Santa Elena (08-3750). The other three gages are
operated by the US Geological Society (USGS): (4) Rio Grande near Castolon
(08374550); (5) Tornillo Creek (GCMRC-RGT2); and (6) Rio Grande at Rio Grande
Village, Big Bend National Park (08375300). The Rio Grande Village (RGV) gage is 10
km upstream from the entrance to Boquillas Canyon. We installed a pressure transducer
stage recorder approximately 10.6 km downstream from the entrance bar (Fig. 2b) and
measured discharge at a fixed cross section to develop a rating curve for flows < 30 m3/s.
Because no higher discharges were directly measured, we extended this rating curve
using an indirect modeling approach similar to Griffiths et al. (2010). This involved
surveying water surface elevations around the pressure transducer location for a larger
flood with magnitude ~279 m3/s, measured at the RGV gage. The discharge of this flood
was back calculated using a 1-dimensional (hereafter 1D model) (US Army Corps of
Engineers HEC-RAS) and 2-dimensional (hereafter, 2D model) (FaSTMECH) flow
model (Griffiths et al., 2010, 2014). The 2D model was better suited for developing the
stage-discharge rating curve than the 1D model because of the way each model treats
flow resistance (see Appendix B). We used the resulting stage-discharge relation from the
2D model to estimate instantaneous streamflow (15 minute intervals) at the pressure
transducer site. For a full description of flow model calibration methods, assumptions,
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and development of the stage-discharge relation see Appendix B.
For suspended fine-sediment supplied to the canyon, we used continuous acoustic
suspended silt/clay and suspended sand measured by the USGS at the Terlingua Creek,
Castolon, Tornillo Creek, and RGV gages to calculate annual sediment loads and
sediment supplied by individual flood peaks. Sediment supplied by un-gaged sources
between the below Rio Conchos gage and the Castolon gage were calculated by
determining the difference between the Castolon and Terlingua Creek measurements.
Sediment supply from un-gaged sources between Castolon and RGV were calculated by
determining the difference between the RGV and Tornillo Creek measurements (Dean et
al., 2016).

4.2 Geomorphic Mapping and Interpretation of Hydraulic Zones
We mapped fine-grained alluvial deposits, hillslope deposits, and active channel
features throughout Boquillas Canyon at 1:2500 scale. Base-maps included topography
extracted from a 1 m digital elevation model (DEM) that was calculated using aerial lidar
flown in 2012, and 0.5 m natural color/infrared imagery flown in 2015 by the Texas
Orthoimagery Program (TOP). The mean daily discharge during the 2012 lidar survey
was approximately 2.4 m3/s and approximately 2.1 m3/s during the 2015 aerial imagery
flight, as measured at the RGV gage. Hereafter, the water surface during the 2012 lidar
refers to the low-flow water surface. The active channel was between 20 and 40 m wide
and was determined by the break in slope between the maximum elevation of channel
bars and higher fine-grained deposits, typically marked by a steep bank. Within the active
channel we mapped submerged and emergent gravel deposits (Lisle, 1986). We
conducted pebble counts (Wolman, 1954) at channel-spanning gravel deposits and
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several gravel bar deposits above the low-flow stage to estimate grain-size distributions
of the bed material. Areas with deeper, slower flow were mapped as pools, regardless of
whether their bed was gravel or sand. Flood deposits above the active channel existed at
three distinct elevations; thus, all fine-grained deposits were grouped into one of three
categories based on their elevation, sedimentologic, and vegetation characteristics. We
interpreted and mapped high-stage, hydraulic zones throughout the canyon. Hydraulic
zones were based on a similar classification of “depositional environments” used by
Benito et al. (2003), which includes points of flow separation and areas of different flow
conditions, such as primarily downstream flow, recirculating flow, or stagnant. The
highest alluvial deposits were used as the high-stage water surface elevation when
estimating possible hydraulic zones. Each alluvial deposit was assigned to a hydraulic
zone based on our interpretation.
Geomorphic maps and depositional zones were digitized in a geographic
information system (GIS) for further analysis. Elevations were extracted from the 2012
lidar DEM and summarized using the mean elevation and standard deviation for each
unit. Polygons for some mapped geomorphic units contained DEM-derived elevations
characteristic of an adjacent talus slope or cliff, causing erroneous estimates of the
surface elevation of the alluvial deposit. To remove these edge effects, we identified
outliers in each polygon’s elevation distribution that were greater than 1.5 times the
interquartile range and excluded any values greater than this threshold before calculating
summary statistics. We identified a low-flow and a high-flow longitudinal water surface
profile in order to analyze the relation between geomorphic unit elevations and modern
water surface elevations. The low-flow water surface was that determined from the 2012
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lidar DEM. The high-flow water surface was the approximate stage of the 2008 flood,
which was estimated for points throughout Boquillas Canyon using natural color 0.3 m
high resolution ortho-imagery flown by the USGS on October 1st, 2008, just ten days
after the peak of the 2008 flood passed the RGV gage. Elevations for the estimated high
stage points were extracted from the 2012 lidar DEM to construct a water surface profile
for that flood. Although the DEM was created 4 years after the 2008 flood (~1400 m3/s),
we assume that elevation changes at the high stage points are negligible because that
stage has not been reached since.

4.3 Stratigraphic and Sedimentological Analysis
Stratigraphic analyses of natural exposures in Boquillas Canyon were used to
estimate the order in which deposits formed, and the frequency of depositional events that
formed a deposit. We interpreted the sedimentology of fine grained alluvial deposits at
the same natural exposures. The sedimentology and stratigraphy were analyzed using
stratigraphic columns that measure the number of layers, their thicknesses, sedimentary
structures, unconformities, and qualitative grain sizes. Most exposures were found in
small arroyos, tributary side canyons, or cut banks. Within one of our shorter study
reaches, we surveyed elevations and lateral extent for two large gullies using an
engineer’s level. At these exposures, we collected digital photographs of sediment within
stratigraphic layers to quantitatively analyze grain size distributions. Grain sizes were
estimated using the transferable wavelet method for analyzing granular patterns in digital
photos (Buscombe, 2013). Exposures were correlated with our geomorphic maps to
determine the type of alluvial deposit and which hydraulic zone each sedimentology and
stratigraphy observation came from.
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We collected sediment samples for OSL analysis from the highest fine-grained
alluvial deposits, estimated to be the oldest deposition in the canyon. Samples were
collected following Utah State University Luminescence Laboratory guidelines to obtain
the best possible sample. Quartz and feldspar that is deposited and buried accumulates
luminescence dose caused by radiation from surrounding sediments. When a sand grain is
transported, it is exposed to light which bleaches the accumulated dose. Thus, OSL dating
estimates the time elapsed since a grain was exposed to light (i.e. time of deposition).
Luminescence equivalent dose is stimulated and measured using a photo-multiplier which
his then divided by the amount of radiation dose rate of surrounding sediments to
estimate the amount of elapsed time. Samples were analyzed primarily using single
grains of quartz-sand (Duller, 2008); however, one sample had weak dose response and
was analyzed using the single-aliquot regenerative-dose method (Murray & Wintle,
2000).

4.4 Topographic Surveys and Paleo-flood Analysis
Two shorter study reaches within Boquillas Canyon were chosen, based on
previous data collection efforts by the National Park Service, to conduct a paleo-flood
analysis. The upstream reach, Study Reach 1 (SR1) is 1.67 km long and ends at the
pressure transducer located 10.57 km downstream from the entrance bar (Fig. 2b). Study
reach 2 (SR2) is 1.23 km long, beginning at 21.72 km and ending at 22.95 km
downstream from the entrance bar (Fig. 2b). For each reach, we collected high-resolution
topography using a combination of terrestrial laser scanning (TLS) and total station
surveying. Bathymetry was collected using an acoustic doppler current profiler (ADCP)
and total station surveying. The ADCP was fixed to a canoe that was paddled back and
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forth in a zig-zag pattern (Rennie & Church, 2010). Offshore topography points were
taken using a total station to fill in gaps between ADCP cross sections and in shallow
areas, which reduced interpolation errors. A bare-earth elevation model of the
topographic survey was combined with the bathymetry to create a final 1 m DEM for
each study reach.
We constructed a FaSTMECH 2D flow model using the 1 m DEM for both study
reaches. The models required at a minimum, a downstream boundary condition, an
estimate of lateral eddy viscosity, and an estimated channel roughness to calculate
friction losses due to fluid drag. We used the stage-discharge rating curve calculated for
the Boquillas Canyon pressure transducer as the downstream boundary condition for
SR1. The same methodology discussed in section 4.1 was also used to develop a separate
rating curve for the downstream boundary condition of SR2. We used a spatially variable
Nikuradse (1950) 𝑧0 bed roughness parameter as input to the flow models because 𝑧0
𝑘

does not depend on stage. We calculated the roughness parameter 𝑧0 = 30𝑠 where 𝑘𝑠 is
considered the effective roughness height and estimated the effective roughness height in
two different ways. For the active channel, which is primarily gravel bedded, we
calculated 𝑘𝑠 ≈ 2.95𝐷84 (Whiting & Dietrich, 1990). The 𝐷84 was determined from the
pebble counts of gravel deposits within the reach and interpolated using a polygon,
nearest-neighbor approach where each active channel feature (i.e. bar, pool, riffle) was a
polygon and each polygon was assigned the same 𝐷84 as the nearest pebble count
location. If a polygon spanned multiple pebble counts, a 𝐷84 was determined using the
average of all pebble counts. For fine grained substrate above the active channel, we
calculated 𝑘𝑠 ≈ 2𝐷50 (Thompson & Campbell, 1979). For SR1, the 𝐷50 of fine-grained
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deposits was determined by analysis of digital photos of sand (Buscombe, 2013) taken
throughout the reach. These point values were then used to create a continuous surface
using natural neighbor interpolation. We used the continuous raster surface to calculate
the mean 𝐷50 for each fine-grained geomorphic unit polygon. For SR2 we used a
constant 𝐷50 of 0.7mm for fine-grained deposits above the active channel. For additional
flow modelling methods, inputs, or assumptions involved in the paleo-flood analysis, see
Appendix B.

5 Results
5.1 Flood and Sediment Dynamics in Big Bend
The types of floods and their frequencies are well documented for the Big Bend
region (Dean & Schmidt, 2011, 2013; Dean et al., 2016; Sandoval-Solis et al., 2014;
Schmidt et al., 2003). Based on previous studies, short duration tributary floods typically
have the greatest attenuation and supply the majority fine sediment to the Big Bend.
Between the Castolon and RGV gages, the peak magnitude of these short duration
tributary floods can attenuate up to 90% and with 100% attenuation of suspended silt/clay
and sand loads (Dean et al., 2016). Thus, based on the origin of tributary flash floods,
there is a large amount of spatial variability of sediment accumulation or erosion in the
Big Bend region. Because Boquillas Canyon is in an area with no major tributaries and is
dependent on upstream sources, we focused on describing any contemporary or historic
spatial patterns in flood peak attenuation between the below Rio Conchos and RGV
gages and how this variability plays a role in the geomorphic history of deposits in
Boquillas Canyon.
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We expected flood peak attenuation to be greater in alluvial segments and less in
canyon segments because alluvial valleys have more channel and floodplain area for
lateral expansion of flow. Analysis of 79 individual, short-duration flood peaks from
2011 to 2017 showed that attenuation was not spatially uniform, nor did it necessarily
depend on the distance traveled by the flood wave. The largest tributary floods in the Big
Bend region originate upstream of the Castolon gage, either from the lower Rio Conchos,
downstream from Luis L. Leon Dam, or larger tributaries such as Terlingua or Alamito
Creeks. Short-duration tributary floods from these sources attenuated on average 37%
between the below Rio Conchos and Castolon gages, a distance of approximately 112 km
(Fig. 3.4). A large proportion of the Rio Grande in this segment flows through alluvial
valleys separated by short canyons or constrictions. Downstream from the Castolon gage,
the magnitude of flood peaks and amount of attenuation decreased. Floods originating
between Castolon and Johnson Ranch attenuated on average 42% over a distance of
approximately 25 km. The Rio Grande flows through an alluvial valley for the entire 25
km between Castolon and Johnson Ranch. Floods originating between Johnson Ranch
and RGV attenuated on average 27% and 19% between RGV and the Boquillas Canyon
pressure transducer, 82 km and 19 km respectively. The segment of river downstream of
Johnson Ranch is much more constricted by canyons with narrower alluvial valleys.
Although attenuation typically varies with discharge, and the proximity of the flood
origin to a stream gage, the patterns observed in these four segments were similar such
that the degree of confinement was more important than downstream distance. Longduration reservoir releases and reset floods occur much less frequently, but did not
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attenuate as much. In fact, the peak magnitude of some long duration floods did not
change significantly and in some cases increased downstream.
The instantaneous stream flows showed the attenuation of recent short duration
floods, but to determine if these patterns have persisted through time we analyzed flood
peaks in the historic streamflow record. Mean daily values do not capture the full amount
of attenuation, therefore we conducted a separate analysis that assessed attenuation based
on the number of floods >200 m3/s that occurred at each gage. We also divided floods
into short (< 5 days duration) and long (≥ 5 days duration) duration events. Temporally,
this analysis showed that the number of short-duration floods and long-duration floods in
a year declined after the closure of La Boquilla and Elephant Butte Dams, but not
significantly after the completion of Luis L. Leon Dam (Fig. 3.5). Also, the frequency of
long-duration floods decreased much more than the frequency of short-duration floods.
Temporal changes are shown for three time periods: (i) pre-dam from 1900 – 1915, (ii)
pre-Luis L. Leon dam from 1920 – 1967, and (iii) post Luis L. Leon dam from 1968 –
present. Comparison of flood occurrences between the below Rio Conchos and RGV
gages showed that the number of short-duration floods varies in the downstream
direction. This is a result of flood attenuation, such that upstream gages register larger
flood peaks than gages further from the flood origin. The greatest number of shortduration floods occurred at Johnson Ranch while fewer short-duration floods occurred
downstream at RGV. Although RGV has a much shorter period of record than Johnson
Ranch, this same decrease in short-duration flood occurrences was observed when
comparing the Castolon (Fig. 3.5b) and RGV (Fig. 3.5d) gages, which have the same
period of record. Long-duration flood occurrences did not significantly change in the
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downstream direction because as discussed earlier, these floods did not attenuate
noticeably. Thus, under contemporary conditions, flood attenuation is important for
understanding sediment dynamics in the region, but it is unclear if short-duration floods
were a critical component of the flood regime under past conditions when long-duration
floods were more frequent and base-flows were higher.
The annual suspended sediment load at RGV is representative of the sediment
delivered to Boquillas Canyon, because no significant tributaries intervene in the ~20 km
distance. In contrast, the suspended fine sediment load between Castolon and RGV can
increase or decrease for individual events depending on the flood type and sediment
supply (Dean et al., 2016). During years of low supply from tributaries, the annual
suspended load increases between Castolon and RGV because the transported sediment is
sourced from the channel bed or banks (Dean et al., 2016). This is especially true in 2012
and 2013, when tributary supply was low, and long-duration dam releases transported
large amounts of sediment stored in the channel. The annual suspended load decreases
between Castolon and RGV during years when sediment delivery from tributaries is high
because of the attenuation of suspended sediment, which is deposited within the reach
(Dean et al., 2016). An analysis of sediment loads for 30 individual floods measured at
both the Castolon and RGV gages (~110 km) illustrated that the attenuation in suspended
silt/clay has a significant positive relationship with flood peak attenuation (Fig. 3.6). This
is largely because sediment delivered during a tributary flood is transported by the energy
of the flood wave, the flood loses the capacity to transport its sediment load and
deposition occurs as this energy dissipates. The relationship between flood peak
attenuation and suspended silt/clay attenuation showed variations with discharge. Thus,
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we used an algorithm that fit two different linear regression models to the dataset based
on a discharge threshold. The discharge threshold was altered between the highest and
lowest discharge in the dataset until two regressions with the highest R2 values were
determined. This method yielded a linear regression for floods > 150 m3/s where 82% of
the variability in suspended silt/clay attenuation was explained by flood peak attenuation,
and a linear regression for floods < 150 m3/s where 44% of the variability in suspended
silt/clay was explained by flood peak attenuation. There was also a significant positive
relationship between flood peak attenuation and suspended sand attenuation, but the least
squares regression is a poor descriptor of the actual processes governing suspended sand
dynamics. Sand transport is much more localized and depends on the sand stored within a
reach prior to a flood and the flood’s ability to transport that sand subject to the local
hydraulics of the reach in question (Dean et al., 2016). Thus, sand transported at the RGV
gage is not representative of the sediment load at Castolon, but rather from more local
sources.

5.2 Active Channel Units and Fine-grained Alluvial Deposit Types
We distinguished four map units in the active channel and three distinct finegrained flood deposits above the active channel (Fig. 3.7). Fine-grained alluvium is
primarily composed of sands and typically forms channel margins or mantles the
downstream end of gravel bars. Gravel bars typically occur on the inside of channel
bends or at the mouths of steep side canyons. The bed of the river is primarily gravel and
cobble with accumulations of sand in pools and backwaters; some of these gravels are
cemented. Silt and clay deposits are found in low-velocity areas on the channel margins,
arroyo mouths, and on the downstream end of bars. The active channel (AC) units were
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distinguished by bed material size: gravel (ACgr), sand and mud (ACfn), and
undifferentiated gravel, sand, and mud in pools (ACP). One colluvial unit was mapped in
Boquillas Canyon: boulder/debris fan (ACdf). The three fine-grained flood deposits above
the active channel were FS1, FS2, and FS3 which are described in detail below.
Stratigraphy of fine-grained alluvial deposits were described for two natural exposures in
SR1 (Fig. 3.7), the upstream exposure is labeled Gully A (Fig. 3.8a) and the downstream
exposure is labeled Gully B (Fig. 3.8b). Additional stratigraphic observations were made
at cut banks and other exposures throughout the canyon within FS1, FS2, and FS3
deposits.
The FS3 flood deposit was the highest observed fine-grained fluvial deposit in the
canyon and was longitudinally discontinuous. All FS3 deposits occurred adjacent to
bedrock canyon walls or mantle talus slopes and were an average of 9-10 m above the
low-flow water surface. Based on the 2D model results, given later, these deposits were
inundated at discharges between 1000 and 4000 m3/s. Modern reset floods ( >1000 m3/s)
are capable of inundating portions of FS3 deposits, but the magnitude of floods required
to fully inundate these deposits has not been measured in more than a century. Therefore,
we consider FS3 to be a relict deposit of an earlier flow and sediment regime. In 1904
there was a measured flood of magnitude greater than 4000 m3/s in the Big Bend. This
was the only measured flood capable of inundating FS3 and we estimate that 1904 was
the last time this surface was potentially subject to scour and fill. FS3 deposits were
mostly tan and brown very fine to coarse sands. Bedding thickness ranged from 0.1 – 1.0
m with fluvial ripple drift cross-stratification in several deposits, as well as parallel
laminae, massive silt beds, and thick beds of blocky, angular clay. Stratigraphic
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observations of FS3 deposits were limited because the deposits have significant
bioturbation and may contain aeolian deposition. FS3 did not form continuous flood-plain
type deposits and therefore did not show evidence of flood-plain features such as levees
and troughs.
FS2 was longitudinally extensive in Boquillas Canyon and formed benches
adjacent to canyon walls in many places that sometimes created 5 m high banks above
the low-flow water surface. These deposits were vegetated by mesquite but were also
bare sand in places exposed by controlled burning. The surface of some FS2 deposits had
erosional features, denoted with the subscript FS2E, which included hummocks that
preserve small mounds of the pre-erosion terrain, scour holes, and side channels.
Erosional surfaces were variable in elevation, typically sloped toward the active channel,
and showed signs of erosion by both fluvial and hillslope processes. Gravel transported
by the river was observed on certain FS2 and FS2E deposits. This gravel was likely
deposited by the 2008 reset flood, it was not matrix supported and was typically well
sorted sizes with a b-axis between 0.032 m and 0.09 m. These gravel patches appeared
only in specific areas where FS2 deposits were longitudinally connected to lower deposits
or active channel bars by sloping terrain. We interpreted these gravel deposits as bedload
that was ramped onto FS2 from upstream, lower elevation sources. In very few locations,
gravel was observed on FS2 deposits that mantle bedrock not connected to the active
channel. In this instance, we assumed that the high-flow turbulence was great enough to
transport gravel in suspension. The 2D flow models estimated that FS2 deposits were
inundated by discharges between 400 and 2500 m3/s and were only inundated by reset
floods in the modern flow regime. FS2 may inset within FS3, based on evidence of a
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buried cut bank onshore from station 4 in Gully B (Fig. 3.9). The lateral extent of this cut
bank could not be traced because it was at an oblique angle to the face of the exposure
and was only detectable by digging straight into the face. Because this exposure exists in
a channel cut by slope wash, it is possible this feature is part of an older gully, but this is
unlikely because sedimentary structures in the overlying bed have a downstream
orientation that transition to onlapping parallel laminations near the contact. Deposition
in an old gully observed in Gully A showed massive silt and sand, suggesting no
downstream flow. FS2 mostly consisted of tan, medium sands with abundant fluvial
ripples, parallel laminae, and occasional massive silty beds. Beds with charcoal from
controlled burning were present near the ground surface. Some beds contained matrixsupported gravel in a silt matrix, which were likely deposited by the same process
described earlier, where gravel is ramped to higher terrain during large floods from lower
sources. There was a lack of large clay bed deposits in most FS2 observations, and only
occasional mud caps occurred. There was very little bioturbation, buried vegetation, or
breccia layers in FS2 deposits, all of which are indicative of long surface exposure time
before burial or increased vegetation growth. Bed thicknesses varied from 0.05 – 1.60 m
and typically thinned onshore. FS2 deposits that had more than 20 m between the active
channel and the canyon wall typically formed continuous, or semi-continuous, levees
along the margin nearest the active channel. Coarsening upwards beds were observed in
all stratigraphic columns collected in FS2 deposits. Quantitative grain size analysis of
samples collected vertically and laterally from Gully B showed no lateral changes in
grain size distribution but showed noticeable coarsening upward beds in the FS2 portion
of the gully (Fig. 3.10).
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FS1 flood deposits were the lowest in elevation and separated from the low-flow
water surface by a steep bank ~1.5 m high. FS1 usually occurred in conjunction with
channel bars, either between the active portion of the bar and the canyon wall or at the
downstream end of the bar. FS1 was always vegetated with either grasses or common
riparian plants such as willow. Like FS2, the subscript FS1E denotes FS1 deposits that
showed significant surface relief and erosional surface features. Gravel and cobbles were
commonly observed on FS1 deposits due to the same ramping or suspension phenomena
described for FS2 deposits. Stratigraphic analysis of Gully A showed that FS1 is inset to
FS2 with oblique, on-lapping deposits formed against a buried vertical bank. Therefore,
FS1 forms the lowest flood deposits in Boquillas Canyon and is inundated by flows of
100 – 600 m3/s. Floods of this magnitude originate mostly from desert tributaries and
occur at least once a year, but can be more frequent. Stratigraphic observations were
limited for FS1 because it is an active surface that is usually heavily vegetated and has
few natural exposures other than cut banks. The base of FS1 was active channel gravel
and layers of gravel existed within the lower 0.5 – 1.0 m. Beds above this were mostly
tan, medium sands containing ripples and parallel laminae. Bed thicknesses varied from
0.08 – 0.4 m and included many layers of thick clay ( > 0.10 m), buried vegetation,
bioturbation, and breccia layers likely because of faster vegetation recruitment and
growth. Like FS2, FS1 contained charcoal from controlled burning in the canyon.

5.3 Hydraulic Zones
Flood deposits in Boquillas Canyon were topographically and stratigraphically
distinct, but the large-scale sedimentological properties of FS1, FS2, and FS3 did not
systematically vary. However, the sedimentological properties of facies within each
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deposit did systematically vary, and the facies can be distinguished based on the
dominant flow hydraulics at the time of deposition (Benito et al., 2003). Using a similar
classification scheme as Benito et al. (2003), we identified six high stage hydraulic zones
that form FS1, FS2, and FS3 deposits: (1) the channel widening, (2) canyon expansion,
(3) lee of obstruction, (4) bank irregularity, (5) tributary mouth, and (6) ponding zones.
We interpreted these zones based on the orientation of the canyon walls, and the
occurrence of the highest fine-grained deposits. Like Benito et al. (2003), we observed
distinct sedimentologic properties for each hydraulic zone (Fig. 3.11).
Deposits that form in the channel widening zone primarily occur at relatively low
elevation, not much above the active channel. These areas are the first inundated by
floods and the flow hydraulics are heavily influenced by the morphology of channel
features that exist at low flows. Thus, patterns of erosion and deposition can vary laterally
depending on the level of inundation caused by individual floods as well as their
sediment loads. We interpret the channel widening zone slightly differently than Benito
et al. (2003) by considering it a longitudinally continuous zone. Therefore, we included
the entire active channel in the channel widening zone and whether or not deposits form
in this zone is contingent on the flow and sediment regimes. FS1 deposits were the most
common within the channel widening zone; however, in very narrow parts of the canyon
FS2 deposits formed without the occurrence of FS1 deposits. Grain sizes of deposits in
the channel widening zone ranged from clay to coarse sand, and contacts were both
unconformable and conformable. The base of FS1 and FS2 deposits in the channel
widening zone typically contained gravel layers interspersed with coarse sand beds.
Occasionally, deposits in this zone were resting on bedrock. Sedimentary structures
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included parallel lamination, climbing and supercritically climbing ripples, 2D planar
cross bedding, and 3D trough cross bedding. Typically, ripples in this zone climbed
vertically onshore and migrated in the downstream direction. More than 90% of FS1
deposits and ~50% of FS2 deposits in Boquillas Canyon were observed in the channel
widening zone.
The canyon expansion zone occurs between the channel widening zone and the
canyon walls in locations where the width of the canyon suddenly increases; thus, it is not
continuous throughout the canyon. Because the distribution of this zone is controlled by
the width of the canyon, it has more permanent hydraulics created by the resistant
bedrock walls. However, at very high stages, the hydraulics in this zone were interpreted
as similar to the channel widening zone. Grain sizes in the canyon expansion zone varied
from clay to coarse sand and included parallel lamination, climbing ripples, in phase
climbing ripples, and 2D planar cross bedding. Like the channel widening zone, rippledrift cross-stratification indicates onshore and downstream flow. The canyon expansion
zone was dominated by FS2 and FS3 deposits, which made up ~35% and ~60%
respectively.
Lee of obstructions and bank irregularities are facies that have been extensively
described in debris fan-affected rivers where recirculating flow is common (Baker, 1984;
Grams et al., 2013; Leeder & Bridges, 1975; Rubin et al., 1990; Schmidt, 1990).
Although these zones exist at a smaller scale in Boquillas Canyon, recirculating flow
typically only occurs at higher stages due to flow interaction with near vertical bedrock.
No evidence was found of debris fans that create recirculating flow in their lee. In
Boquillas Canyon, debris fans are at low elevation and completely inundated at high
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stage. Sedimentary structures observed in this facies included trough cross bedding,
climbing ripples, supercritically climbing ripples, and oscillating ripples. Interpretation of
ripple-drift cross-stratification included offshore and upstream flow directions
characteristic of recirculating flow. In Boquillas Canyon today, < 2% of FS1 deposits,
~8% of FS2, and ~18% of FS3 deposits were observed in recirculation zones.
Tributary mouths and ponding zones are facies formed where slack-water or
stagnant flow conditions exist. Some tributary mouths can act as enlarged bank
irregularities and therefore contain partially recirculating flows. Ponding zones made up a
very small fraction of hydraulic zones in Boquillas Canyon (< 1 % for all deposits expect
FS3) and no sedimentologic observations were made in this zone. Tributary mouths made
up a similarly small portion of all deposits and were mostly structureless silt and sand.
Ripples observed in these zones were faint and migrating offshore. There were also thick
deposits of alternating planar laminated sand and clay farther from the active channel in
tributary mouths.

5.4 Longitudinal Patterns
Analysis of flood deposit elevations reveals a significant amount of variation
within each unit type such that there can be variations of 4 m, 8 m, and 5 m within FS1,
FS2, and FS3 deposits, respectively. Despite this variability, a smoothed line fit to
elevations for each flood surface unit shows that their longitudinal profiles are similar
and distinguishable by their height above the low-flow water surface (Fig. 3.12). A best
fit line for each flood surface unit shows that the average slope of FS1, FS2, and FS3 is
approximately 0.0007, but that there is significant amount of overlap between individual
deposit elevations. Calculating the average elevations of FS1, FS2, and FS3 deposits in
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each hydraulic zone shows that greater than 90% of the elevation variability in each unit
is explained by hydraulic zones. FS1 deposits in the channel widening zone are, on
average, 2 m above the low-flow water surface. In contrast, deposits in slower velocity or
recirculating flow zones including the canyon expansion, lee of obstruction, bank
irregularity, and tributary mouth zones, are an average of 3.9 m above the low-flow water
surface (Fig. 3.13a). FS2 deposits in the channel widening zone are approximately 3.8 m
above the low-flow water surface and deposits in the canyon expansion zone are an
average of 5 m above the low-flow water surface (Fig. 3.13b). FS2 deposits in the
remaining zones with recirculating or stagnant flow are approximately 7.5 m above the
low flow water surface. No FS3 deposits were observed in the channel widening zone
and all deposits are on average between 9 and 10 m above the low flow water surface
(Fig. 3.13d).
The longitudinal distribution of hydraulic zones also largely influences the
distribution of fine-grained alluvial deposits in Boquillas Canyon. The occurrence of all
hydraulic zones, except the channel widening zone, is dependent on physiographic
characteristics of the canyon. Distribution of the canyon expansion zone is controlled by
the width of the canyon while recirculating or stagnant zones are distributed based on
smaller-scale features of the canyon walls. The width of Boquillas Canyon does not show
any noticeable trends throughout its length and has an average width of approximately
100 m (Fig. 3.14a). Canyon expansion zones occur in locations where the canyon widens
briefly before returning to the average width. These wide areas typically occur at
tributary mouths, or side canyons, except the wide area between 15 and 18 km which is
caused by a change in the river’s course relative to the geologic strata that form the
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canyon. FS1, FS3, and FS3 deposits are more extensive in widened areas (Fig. 3.14c).
However, the longitudinal distribution of each deposit has some degree of variability that
we interpret as a reflection of the preservation potential of that deposit within the
hydraulic zone in which it occurs. Thus, FS3 deposits are typically preserved corridors
where there is available area for deposition at high stage, primarily in the form of
recirculation or stagnant zones. Thus, the longitudinal variability of FS3 can be explained
by the distribution of recirculation or stagnant zones. This is also evident in the FS1 and
FS2 deposits, which show an increase in area after approximately 10 km from the
upstream end of the canyon (Fig. 3.14c) with no equivalent increase in the average
canyon width. There is, however, an increase in the number of deposits that form in the
channel widening zone because this hydraulic zone is more extensive in this part of the
canyon. The distribution and preservation of FS2 deposits is controlled by canyon
expansion and channel widening zones, while FS1 deposits are primarily how much of
the canyon is representative of the channel widening zone. The distribution of FS1E and
FS2E is largely dependent on the local hydraulics during large floods and typically occur
on the inside of bends in widened areas or on the downstream end of bars.
Active channel units and lower elevation fine-grained deposits show longitudinal
patterns that relate to the local low-flow water surface slope estimated at 200 m intervals
(Fig. 3.14d). The local low-flow water surface slope is higher for the upstream 5-6 km of
the canyon with frequent increases in gradient. Between 6 and 20 km, slope is lower but
variable and there are fewer peaks. The steepest gradient in the canyon occurs between
12 and 13 km. After 20 km, the slope is generally very low with areas of much higher
slope occurring every 1-2 km. Active channel units comprise a greater proportion of the
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total alluvial area downstream of the steep gradient at 12-13 km (Fig. 3.14b), where the
total alluvial area refers to the area between bedrock/talus that marks the full extent of all
geomorphic units. The median grain size of channel bed material decreases downstream
in Boquillas Canyon (Fig. 3.15), suggesting a longitudinal change in transport
competence. However, the median grain size of gravel measured on channel bars does
not decrease downstream. These bars are higher than the low-flow water surface and are
inundated completely by small to moderate floods. This suggests that during these floods,
there is not a longitudinal change in competence like at low-flows. ACgr occurs uniformly
throughout the canyon, but greater proportions of gravel occur at or upstream of steep
gradients. ACdf colluvium occurs at the mouths of tributaries or side canyons and makes
up a very small portion of the total alluvial area. There is no evidence that these features
influence the local low flow water surface slope. ACfn does not show any distinct patterns
with canyon width or channel slope. Sand and mud bars in the active channel typically
occur on the margins of the low flow channel or in eddies at the downstream end of
gravel bars. Pools occur in between gravel deposits in the active channel or against
bedrock banks.

5.5 Formation of Flood Deposits
FS3 is the oldest fine-grained alluvial deposit in Boquillas Canyon, based on OSL
dates (Table 3.2) and the estimated discharge necessary to completely inundate the
deposit. FS3 deposits in SR1 were completely inundated by flows > 3800 m3/s (Fig.
3.16a). FS3 deposits in SR2 were completely inundated by flows > 3000 m3/s (Fig.
3.16b). Floods greater than 4000 m3/s have not occurred since 1904. 20th century flood
recurrences could only be estimated for the IBWC gage below the Rio Conchos near
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Presidio and we estimated the recurrence of large floods before 1946 and after 1946
following analyses of Dean and Schmidt (2011). For pre-1946 conditions, flood
magnitudes between 2000 and ~3400 m3/s had a recurrence of 20 to 100 years and
inundated 40 to 100% of FS3 deposits (Fig. 3.16). After 1946, the magnitude of 20- to
100-year floods decreased to 950 – 1700 m3/s, which inundated 2 to 20% of all FS3
deposits. The two OSL samples for FS3 yielded ages that are consistent with this
analysis. One sample (RGB9FS301) was taken from a large FS3 deposit between SR1
and SR2, while the other (RGB12FS301) was taken from a deposit in SR2. The ages of
these two samples varied between 130 ± 80 years and 610 ± 150 years.
FS2 is infrequently inundated by modern flows, but this deposit was likely
regularly inundated in the first half of the 20th century. We estimated that flows of 1500 2000 m3/s fully inundated the FS2 deposits in SR1 and SR2 (Fig. 3.16). For pre-1946
conditions, 20 to 95% of FS2 was inundated by 2- to 5-year recurrence floods. For
modern post-1946 conditions, 2- to 5-year recurrence floods were still capable of
inundating 15 to 35% of FS2 deposits, while 20- to 100-year recurrence floods inundated
62 to 95%. Thus, decadal reset floods of today can still influence the morphology of FS2
deposits, but moderate magnitude, short duration floods do not inundate these deposits.
The two OSL samples collected for FS2 (RGSR101A and RGSR102A in Table 2) were
taken from Gully A (see locations in Fig. 3.8a). One sample was taken at the base of the
exposure (RGSR101A) and the other was taken from a stratigraphic unit nearer the
current ground surface (RGSR102A). The dates of these samples differ slightly but have
overlapping uncertainty bands suggesting that FS2 aggraded during the late 19th century
and early 20th century when floods were capable of frequently inundating these deposits.
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No dates were collected for FS1, because all active channel features and FS1
deposits are constructed by the modern river. Prior to 1946, 60 to 100% of FS1 deposits
were inundated by the 1- to 2-year recurrence flood. Only 56 to 98% of FS1 is now
inundated by modern 2- to 5-year recurrence floods, and there may be years when the
upper surface of FS1 is not inundated. Thus, fine sediment from the same short duration
tributary floods that cause channel narrowing in the alluvial valleys is likely the primary
mechanism for constructing FS1 deposits. Conversely, reset floods are the likely cause of
widespread FS1 erosion.
Deposits in SR1 and SR2 are inundated by slightly different discharges, as shown
by the inundation profiles in Figure 17. This could be for a number of reasons including:
i) the accuracy of the 2D models was not the same for SR1 and SR2 because of
differences in calibration, ii) there are differences in deposit elevations between reaches
because SR2 is in a part of the canyon with a lower preservation potential, or iii) the
elevation of deposits is more variable for SR2 because during a flood sediment can
deposit well below the water surface up to the elevation of the water surface within the
same deposit depending on the hydraulic zone in which it forms. The wide gap in ages
between the two FS3 deposits is likely because throughout the canyon, FS3 exists at
different elevations such that one flood may form more FS3 while eroding other FS3
deposits. This is also affected by which hydraulic zone the deposit forms in. Thus, FS3
deposits that form in certain hydraulic zones preserve sediment better than others. The
younger FS3 age was taken from a lower elevation deposit that was mapped in a canyon
expansion zone and was inundated more frequently in the past. This younger age is
similar to the OSL dates for FS2, suggesting that FS3 and FS2 deposits could have been
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actively reworked prior to 1946 within certain hydraulic zones. Sedimentological
observations of FS2 deposits support the hypothesis that the FS2 OSL dates are similar in
age and therefore represent rapid aggradation between the 1850s and 1946 when the flow
regime began changing significantly. The lack of bioturbation in FS2 deposits, buried
vegetation, or breccia layers is indicative of short time spans between deposition events.
Alternatively, FS2 was inundated by erosive floods with sufficient frequency to remove
such evidence from the sedimentological record. However, multiple conformable
contacts exist in a row in Gully A showing that a series of depositional events did occur
in close succession.

6 Discussion
6.1 Effects of Spatial Variability of Tributary Floods on Channel Change
The Rio Grande in the Big Bend region has a unique history of natural floods that
reflectes runoff in the two distinct headwaters (Blythe & Schmidt, 2018; GonzalezEscorcia, 2017). We estimate that the natural flood lasted nearly five months prior to
extensive human intervention, and the natural sediment transport regime must have
included periods when the natural sediment supply was depleted and the load coarsened.
As the flow regime of the Rio Grande and its major tributaries was altered throughout the
20th century due to extensive diversion and flow regulation, the flow regime in the Big
Bend region became dominated by the hydrology of Chihuahuan Desert tributaries and
regulated flow from reservoir releases from the Rio Conchos. In response, the channel
has narrowed because the Chihuahuan Desert tributaries supply much more sediment
than water (Dean & Schmidt, 2011; Everitt, 1993). Narrowing occurs between reset
floods that re-widen the channel. Narrowing primarily occurs via vertical accretion on
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channel bars which forms inset floodplains over time. This process requires an adequate
supply of sediment combined with flows capable of inundating bars, inset floodplains, or
other potential depositional zones; but flood peaks attenuate downstream and are not
capable of inundating as much area. Our results highlight three important observations
that relate to this event-scale process: (i) a positive correlation between flood peak
attenuation and attenuation of suspended silt/clay loads, (ii) flood attenuation is not
spatially uniform, and (iii) large floods and long-duration floods do not attenuate as much
as Chihuahuan Desert tributary floods. Although there are many other physical variables
that determine where sediment accumulates between the Castolon and RGV gages (Dean
et al., 2016), downstream changes in flood peak hydraulics certainly contribute to the
complexity of predicting the response of the modern channel.
The spatial variability of individual flood events suggests that the rate of channel
narrowing might differ by location. Although Dean and Schmidt (2011) describe in detail
the temporal component of channel narrowing, the spatial differences observed in their
results are largely unexplained. This study includes a reach between the RGV gage and
the entrance to Boquillas Canyon that shows smaller changes in channel width during the
last 50 years than upstream reaches near Johnson Ranch and Castolon. Dean et al. (2016)
provide similar results from cross section measurements between 2009 and 2013,
showing that cross sections downstream from the RGV gage narrowed less than at
Castolon. Tornillo Creek is just upstream from the RGV gage (Fig. 2) and is a source of
floods and sediment for this reach; however, it produces smaller flood peaks and delivers
significantly less sediment than Terlingua Creek, upstream from the Castolon gage. Thus,
the RGV gage and Boquillas Canyon are far from important flood producing tributaries.
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One possible explanation for the smaller decrease in channel width for the RGVBoquillas reach is that attenuation of floods and their sediment loads decreases the
amount of channel narrowing downstream of the flood origin. In this scenario, the flood
peak would decline such that fewer bars or inset floodplains were inundated and
deposition would transition from vertical accretion on these features to aggradation of the
channel bed.

6.2 The Role of Large Floods in Forming Fine-grained Alluvial Deposits
Channel change in the Big Bend region is defined by fine sediment dynamics
paired with certain flood events. The deposition of this sediment is controlled by how
much sediment is being transported and variations in flow velocity. An alluvial river
channel is self-forming because the material that forms the channel banks and bed can be
transported by the river. Hydraulic zones, or areas in the channel and floodplain with
characteristic flow direction and velocities, in an alluvial segment are ephemeral features
that are constantly changing at the same time scale as the channel. This is especially true
for the Rio Grande in Big Bend because reset floods reform the template of the river
approximately every decade (Dean & Schmidt, 2011, 2013). This creates a multidimensional problem when trying to predict where channel changes might occur because
the spatial variability of hydraulic zones is dependent on time. At high stage, hydraulic
zones in Boquillas Canyon are largely controlled by bedrock which is incised at geologic
time scales. Essentially, this eliminates time as a variable because hydraulic zones can be
considered fixed. Although the extent and rate of sediment accumulation may differ for
individual floods, these fixed hydraulic zones will always accumulate some sediment as
long as it is supplied (Rubin et al., 1990; Schmidt & Graf, 1990; Topping et al., 2000a;
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Topping et al., 2000b). Because time is not as important, the spatial distribution of
hydraulic zones becomes the key to explaining channel change and the formation and
preservation of fine-grained deposits in this bedrock environment.
Our results show that channel change via sediment accumulation in Boquillas
Canyon has occurred in stages and is related to the decline in flood peak magnitude and
frequency. Based on the inundation history of alluvial deposits in the canyon and OSL
ages, we speculate that the only flood deposits that would have been preserved in
Boquillas Canyon during the pre-development flow regime were FS3. These deposits are
preserved solely in slow velocity, recirculating, or stagnant depositional zones (Fig.
3.17a). In years with above average sediment delivery or below average flows, FS2 or
lower deposits might have formed but would have had a very low long-term preservation
potential because years with above average flows likely eroded these deposits. Following
a rapid decline in mean annual flows and peak flood magnitudes in the late-19th century
to mid-20th century, higher elevation FS3 deposits were abandoned after the last flood
capable of inundating those surfaces occurred in 1904 (Fig. 3.17b). Thereafter, FS2
deposits started to form in the channel widening and canyon expansion hydraulic zones
as changes to the flood regime increased the preservation potential of these lower
deposits. Following further decline of the flow regime after 1946, floods rarely accessed
the canyon expansion zone which favored the formation of lower FS1 deposits in the
frequently inundated channel widening zone (Fig. 3.17c). The modern low-flow channel
was separated from many of the high-stage recirculation zones that contain FS2 and FS3
deposits, such that local flood hydraulics are now influenced by fine-grained alluvial
deposits and not bedrock features. In this conceptual model for the formation of alluvial
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deposits in Boquillas Canyon, we consider the modern active channel and FS1 flood
deposits analogous to the inset floodplains described by Dean et al. (2011). These
deposits exist almost completely in the channel widening, zone which we assume would
not have stored fine sediment over long time scales under the natural flow regime. Thus,
FS1 is likely subject to many of the positive and negative feedbacks observed in the
alluvial valleys (Dean & Schmidt, 2011) and is where vertical accretion and channel reset
occurs. FS2 and FS3 deposits are not fully eroded by modern reset floods and would have
accumulated and evacuated sediment in past flow regimes depending on specific floods
and their sediment loads.

7 Conclusions
The modern Rio Grande in the Big Bend region experiences several types of
floods that are important for the morphology of the channel. The Rio Grande has
undergone drastic changes in stream flow which has led to extensive channel narrowing
after the 1940s primarily caused by short-duration tributary floods. This channel
narrowing has been linked to the decline of aquatic habitat in the Big Bend. Currently,
large floods created by tropical storms over portions of the lower Rio Grande basin are
the only mechanism for removing excess sediment and re-widening the channel. It is
unknown if these large flood events have always played a significant role in channel
form, especially during earlier flow regimes. Also, the relative effectiveness of common
and extreme floods in shaping the geomorphic template of canyon segments in the Big
Bend is largely unknown.
We analyzed a number of common floods that occur in Boquillas Canyon today
and their sediment loads. We determined that the peak magnitude of Chihuahuan Desert
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tributary flash floods decreases significantly downstream, largely depending on the
degree of channel confinement. Also, we observed a strong positive relation between the
decrease in peak magnitude and the attenuation of suspended silt/clay. Thus, under the
modern flow regime, floods primarily responsible for sediment supply to the Rio Grande
in Big Bend are not uniform through space. Because Boquillas Canyon is far downstream
from the source of these floods, it has fewer flood peaks > 200 m3/s and likely less total
sediment delivered during a flood than upstream segments. Large floods and longduration floods do not attenuate as much and therefore, we expect that any variability in
the role of large floods in shaping the channel is because of differences between canyon
and alluvial segments, not attenuation.
We described the type and distribution of deposits for the entire length of
Boquillas Canyon and used hydraulic flow models, sedimentology, and OSL dating to
interpret the formational history of these deposits. The lateral confinement of the canyon
and vertical bedrock walls create more permanent hydraulic zones in the canyons than the
alluvial valleys. The aggradation of fine-grained alluvium in a particular depositional
zone is dependent on both common and large floods. As the frequency and magnitude of
floods declined between the 1850s and 1946, depositional zones in Boquillas Canyon
began to fill with sediment. This aggradation created longitudinally extensive deposits
rather than disconnected deposits that existed only in areas of recirculating or lowvelocity flow. Very large floods were still frequent during this initial phase of
aggradation, but common floods decreased in magnitude after the completion of Elephant
Butte Dam. Today, deposits have formed in hydraulic zones that would have been
frequently flooded and contained very little, or only temporarily stored, sediment. With
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the construction of more dams on the Rio Conchos, large floods still occur but are lower
in magnitude such that they are not capable of removing the sediment from the pre-1946
channel. Thus, Boquillas Canyon includes actively reworked alluvial deposits and gravel
bars that are formed by the modern flow regime; and infrequently inundated, or
abandoned, alluvial deposits formed by a previous flow regime.
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Table 3.1: Summary of stream gages analyzed from upstream to downstream
Gage Name

Gage ID

Agency

Daily Period
of Record

Rio Grande
08-3742
IBWC
1900-1914,
below Rio
1930-2018
Conchos
Rio Grande
08374550 USGS
2007-2018
near Castolon
Rio Grande at 08-3750
IBWC
1936-2018
Johnson
Ranch
Rio Grande at 08375300 USGS
2007-2018
Rio Grande
Village
Terlingua
08-3745
IBWC
1932-2018
Creek*
Tornillo
GCMRC- USGS
Creek*
RGT2
*Tributaries ordered upstream to downstream.

Instantaneous
Period of
Record
2012-2018

Long-term
mean flow
[m3/s]
38.47

Max
flood
[m3/s]
4220.00

2007-2018

18.50

1316.73

2012-2018

34.29

1850.00

2007-2018

21.03

1407.35

2010-2018

1.51

947.10

2011-2018

0.0

139.26
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Table 3.2: OSL Results
Sample ID

Alluvial Grain
Number of Equivalent
Dose Rate
OSL Age
Deposit size (𝝁m)
Analyses1
Dose (Gy)
(Gy/ka)
(ka)
RGSR101A
FS2
125-212
28 (2740)2
0.51 ± 0.35
2.71 ± 0.12
0.19 ± 0.13
RGSR102A
FS2
125-212
40 (2400)3
0.47 ± 0.23
2.69 ± 0.12
0.17 ± 0.09
RGB9FS301
FS3
125-212
31 (1300)3
0.37 ± 0.22
2.76 ± 0.13
0.13 ± 0.08
RGB12FS301 FS3
125-212
67 (1000)3
1.85 ± 0.42
3.04 ± 0.14
0.61 ± 0.15
1
Number of analyses used in age calculation outside parentheses and total number of analyses performed
in parentheses.
2
Age analysis using 1-mm small-aliquots and single-grains of quartz-sand.
3
Age analysis using single-grains of quartz sand.
All reported errors are two standard deviations (2𝜎).
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Figure 3.1. Median hydrographs calculated at the Rio Grande gage below the Rio
Conchos for natural conditions (solid line), earliest recorded flow before construction of
dams (dashed line), and modern conditions (dotted line). Natural flows were estimated by
adding data from Blythe and Schmidt 2018 for the northern branch to Gonzalez-Escorcia
2017 for the Rio Conchos.
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Figure 3.2. Map showing the Big Bend region with an inset of our study area in
Boquillas Canyon.

116

Figure 3.3. Graph showing the longitudinal profile of the Rio Grande within Big Bend
National Park, measured from the water surface slope of the 2012 LiDAR dataset. Blue
points represent local slope for 250 m long reaches. The solid black line is a 15 km
moving average. Canyon segments of the river are highlighted in green.
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Figure 3.4. Graph showing peak flood magnitudes of 79 individual floods from 2011 –
2017 measured at the four primary gaging stations in the Big Bend region and the
Boquillas Canyon pressure transducer. Gages are plotted by their distance downstream
from the confluence of the Rio Conchos to show spacing of gages relative to attenuation.
Lines connect peak values for individual flood events.
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Figure 3.5. Graphs showing the number of floods per year > 200 m3/s (moderate and
large magnitude), categorized by short-duration (< 5 days) and long-duration (≥ 5 days)
for (a) below Rio Conchos, (b) Castolon, (c) Johnson Ranch, and (d) RGV gages. Means
were calculated for three time-periods, the historic record before dam construction (19001915), pre-Luis L. Leon Dam on the Rio Conchos (1935-1967), and post-Luis L. Leon
Dam (1968-2018).
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Figure 3.6. Regression plot showing the positive linear relationship between flood peak
attenuation and attenuation of silt/clay load for individual flood events between the
Castolon and RGV gages. Green circles represent discharges > 150 m3/s and black
squares represent discharges < 150 m3/s.

120

Figure 3.7. Planform maps showing active channel units and fine-grained flood deposits
for two Boquillas Canyon study reaches (see Fig. 3.2). Location of gullies used for
stratigraphic analyses are marked with red circles. Cross-sections A and B are those
shown in Fig. 3.8.
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Figure 3.8. Diagram showing canyon wide cross-sections at the location of the two
gullies in SR1 with various water surfaces, flood surfaces, and gully stratigraphy for (a)
Gully A and (b) Gully B. Cross-sections are the same marked on Fig. 3.7. Aside from the
buried cut banks revealed in the gully stratigraphy, basal contacts for active channel and
flood deposits are inferred not actually measured.
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Figure 3.9. Photo of the inferred cut bank in Gully B separating FS2 and possible FS3
deposits. Lines are drawn on contacts and outlining examples of sedimentary structures in
each bed above and below the contact. Beds are dipping towards the channel at 20 – 30
degrees. The marker bed at the right of the photo (near the scale) is the silty base of a
layer that is part of FS3. This marker bed is truncated by the cut bank contact. The
contact is not discernable via change in grain size, only in the truncation of underlying
sedimentary structures, which are dipping parallel laminations. Because of the tilted beds,
there is uncertainty as to whether or not this contact is a buried cut bank.
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Figure 3.10. Grain size distributions for one stratigraphic layer, measured at different
distances from the active channel. Station numbers are measured as the horizontal
distance along the Gully B cross-section. Boxplot whiskers represent the 5th and 95th
percentile, while the box represents the interquartile range and the center line is the
median. Vertical measurements were taken at equally spaced intervals determined by the
thickness of the bed. The measurement at station 8 is the onshore lateral extent of the
layer where it contacts the ground surface.
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Figure 3.11. Stratigraphic columns showing sedimentology for hydraulic zones, except
the Ponding zone.
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Figure 3.12. Graph of showing elevations of FS1 (faded squares), FS2 (faded circles),
and FS3 (faded diamonds) deposits in Boquillas Canyon. Smoothed lines are a 20 km
moving average. Two water surface elevations are shown, the low-flow water surface
(~2.4 m3/s) from the 2012 LiDAR dataset, and a high-flow water surface for the 2008
reset flood (~1407 m3/s), estimated using aerial imagery flown during the flood and
elevations from the 2012 LiDAR dataset.
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Figure 3.13. Graphs showing the elevations of (a) FS1 deposits, (b) FS2 deposits, and (c)
FS3 deposits above the low-flow water surface, segregated by hydraulic zone. Dotted
lines represent the average elevation of deposits in each hydraulic zone for the length of
Boquillas Canyon. Recirculating/Stagnant points include Bank Irregularity, Lee of
Obstruction, Tributary Mouth, and Ponding hydraulic zones.
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Figure 3.14. Graphs showing (a) the width of Boquillas Canyon measured as the distance
between exposed bedrock above all alluvial deposits; (b) the spatial distribution of active
channel (AC) units shown as a proportion of the total area of map units for 500 m
segments; (c) the spatial distribution of fine-grained alluvial deposits calculated as
proportions for 500 m segments; and (d) the local slope of each 500 m segment
calculated using the low-flow water surface from the 2012 LiDAR data. The proportions
in (b) and (c) were calculated as the area of each map polygon divided by the total area of
all map polygons for a segment, such that the sum of the bar graphs in (b) and (c) is 1.0.
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Figure 3.15. Graphs showing (a) the median grain size of gravel in the active channel,
determined from pebble counts in continuously inundated riffles, as well as the median
grain size of gravel on channel bars that are not continuously inundated; and (b) a
longitudinal profile of the low-flow 2012 LiDAR water surface.
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Figure 3.16. Graphs showing the percent of all active channel units and flood deposits
inundated for (a) SR1 and (b) SR2. Inundated area was calculated using the water surface
extent output from the 2D flow models. FS1 and FS2 categories include FS1E and FS2E
when calculating the area inundated. Two ranges, 2-5 yr and 20-100 yr, of recurrence
floods are also shown for two time periods, Pre-1946 in blue and Post-1946 in red, based
on Dean and Schmidt (2011) hydrology analysis.
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Figure 3.17. Conceptual diagram showing the formation of fine-grained alluvial deposits
in each hydraulic zone for different stages of flow regime alteration including: a) pre1890s flood regime before major disturbances, b) 1890s – 1950 period with no snowmelt
flood but frequent large floods from the Rio Conchos, and c) modern conditions where
large Rio Conchos floods are smaller in magnitude and less frequent.
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CHAPTER 4
CONCLUSIONS

An estimate of the natural flow regime of the northern branch of the Rio Grande
shows that the Rio Grande basin was once heavily influenced by the snowmelt hydrology
of the southern Rocky Mountains. The observed flow regime of the northern branch has
changed several times during the 20th century due to irrigation use and the construction
and operation of reservoirs. A comparison of the estimated natural flow regime to the
modern flow regime of the northern branch shows that total annual flows have decreased
by 95% and the annual snowmelt flood has been eliminated. Paleo-flood analysis
determined that lower elevation fine-grained alluvial deposits began to form in Boquillas
Canyon during the late 19th century and early 20th century, around the same time that
changes to the snowmelt regime of the Rio Grande began. During this period, large and
moderate floods originating in the Rio Conchos basin continued to deliver fine sediment
to the Big Bend. Thus, the snowmelt flood likely played a significant role in transporting
the natural annual sediment supply of the Rio Grande in the Big Bend. When this piece of
the flow regime was eliminated, sediment surplus conditions triggered rapid aggradation
of certain hydraulic zones within the canyon. Continued water development on the
northern branch and Rio Conchos throughout the 20th century then caused the progressive
narrowing observed in the Big Bend after the 1940s (Dean and Schmidt, 2011; Dean et
al., 2011).
The initial phase of channel narrowing observed in Boquillas Canyon during the
early part of the 20th century was previously undescribed by studies conducted in the
alluvial segments of the Big Bend. The findings from Chapter 3 also suggest that

132
difference in landscape setting and proximity to flood producing tributaries are important
spatial factors to consider when recommending management options for undesired excess
sediment. Laterally confined reaches and reaches distant from active tributaries may
require less frequent reservoir releases to maintain an adequate level of channel
heterogeneity. Also, combining the first ever estimate of natural daily flows for the
northern branch (Blythe and Schmidt, 2018) and the Rio Conchos (Gonzalez-Escorcia,
2017) provides a new understanding about the flow regime under which the aquatic
ecosystem evolved in the Big Bend.
River management frequently emphasizes the importance of the flow regime,
especially in ecosystem rehabilitation, but the natural sediment regime is equally
important to understand (Wohl et al., 2015). The sediment regime is the balance between
sediment supply and sediment transport capacity and has been altered in the Rio Grande
basin by reservoir construction and changes in land use (Scurlock, 1998). Data do not
exist to quantitatively reconstruct the natural sediment supply of the Rio Grande, but
inferences can be made about past sediment regimes by combining the history of
geomorphic change and the estimated natural flow regime. For example, historic
photographs from Hill’s 1899 expedition document canyons in the Big Bend with very
few fine-grained deposits and today there are very extensive fine-grained deposits. This
suggests a shift in the balance between sediment supply and transport capacity away from
what could have been considered natural.
Visualization of more than 4000 discrete suspended sediment samples taken
between 1960 and today at the Otowi Bridge gage, where the snowmelt flood still occurs,
shows that the peak in sediment delivery does not coincide with snowmelt (Fig. 4.1). Fine
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sediment is primarily delivered to the northern branch by much lower discharges during
the North American monsoon season. In the past, this snowmelt runoff likely provided an
annual flood with low sediment supply and high transport capacity which removed
significant amounts of fine sediment stored in the channel during the monsoon season. In
this manner, the natural sediment regime of the Rio Grande would have been sediment
surplus conditions from late summer to early fall, and sediment deficit conditions in the
spring. Although snowmelt runoff from the northern branch does not reach the Big Bend
today, it would be possible to mimic this sediment regime using reservoir releases;
because long-duration reservoir releases from Luis L. Leon Dam on the Rio Conchos are
effective at transporting sediment deposited by short-duration tributary floods (Dean et
al., 2016). This thesis is not the first to recommend environmental flows that include
long-duration reservoir release, in fact, there is a large body of research and professional
insight that argues for the same management strategy from both an ecological and
geomorphic perspective.
The question remains, if all roads to ecosystem rehabilitation in the Big Bend lead
to increased flows, why is there no management strategy to experiment with high-flows
from Luis L. Leon Dam? This is because the Rio Conchos is in Mexico, and the only
international mandate on the waters of the Rio Conchos is an annual volume as outlined
by the Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande
signed in 1944. Under this agreement, the US is entitled to one-third of the flow of the
Rio Conchos annually, or no less than 431,721,000 m3 averaged over five consecutive
years (US and Mexico, 1944). However, there is no article in the treaty that mandates
when, or over what time span, this water must be delivered. This has initiated bi-national
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conversations about environmental flows and increased research efforts to objectively
highlight the need for environmental flows, such that floods could be designed to
effectively accomplish specific conservation goals. One example is the Upper Rio Grande
Basin and Bay Expert Science Team, who published a report in 2012 that recommended
environmental flows to reverse ecosystem degradation and improve water quality. Other
published studies have conducted robust hydrologic and statistical analyses for the Big
Bend to provide a framework for environmental flows and operating rules for Luis L.
Leon Dam to balance water supply between conservation and human uses (Lane et al.,
2014; Sandoval-Solis and McKinney, 2014). However, conversation, recommendations,
and research were previously based on historic stream flow measured in the Big Bend;
and historic flows are not representative of the natural flow regime because significant
alterations occurred before gaging began.
Section 6.4 of Chapter 2 outlines how using historic stream flow data could
produce inaccurate environmental flow designs while providing a useful method of
designing a reservoir release of a given volume such that it mimics a natural flood pulse.
This strategy would be very useful in designing Luis L. Leon releases because operators
would be able to quickly determine the shape and timing of a flood hydrograph for any
volume of water. To effectively manage fine sediment in the Big Bend, reservoir releases
should not attempt to mimic contemporary floods for the region because moderate
magnitude tributary floods and large floods occur naturally. Instead, any reservoir
releases from Luis L. Leon Dam should aim to restore the lost snowmelt flood. Thus, the
specific flood design would have to incorporate water supply, reservoir storage, and flood
control for the Rio Conchos with an end goal of mimicking the hydrology of the distant
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northern branch. In August 2017, a long-duration flood with magnitude ~200 m3/s and
duration of ~3 weeks was released from Luis L. Leon. This flood evacuated nearly all the
sediment deposited in Boquillas Canyon by tributary floods earlier in the year. Based on
this evidence, the magnitude of a release should be > 200 m3/s to maintain a similar water
surface elevation as moderate magnitude tributary floods and inundate as much of the
accumulated sediment as possible. An effective duration for a reservoir release would be
2-3 weeks and the timing should occur in the spring before tributary floods begin. A
reservoir release in the spring mimics a natural snowmelt flood while also reducing the
possibility of overlapping with tributary floods. Reservoir releases that occur at the same
time as multiple short-duration tributary floods quickly increase their sediment loads and
can contribute to channel narrowing (Dean et al., 2016).
Environmental flows are the obvious management strategy for mitigating
sediment surplus conditions in the Big Bend. However, until there are major changes to
national and international water policy to include environmental flows, discussion of
reservoir releases to manage fine sediment are completely theoretical. These changes may
occur through lobbying by Mexico’s National Commission for Natural Protected Areas
or by the addition of an article to the 1944 treaty that allows either country to request
their allotted water at certain times. Whatever the approach, greater scientific
understanding of the natural ecosystems of the Big Bend will only bolster efforts to
successfully negotiate and agree on the implementation of environmental flows. An
equally difficult path would be to restore the snowmelt flood from the northern branch
via Elephant Butte Dam, which would require significant changes to the operation of
Elephant Butte Reservoir and agricultural water use in Colorado and New Mexico. But,
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before resources are expended on policy battles or new management practices with
uncertain outcomes, there needs to be further research linking channel narrowing to
specific ecological issues. Thus, the direction of scientific inquiry in the Big Bend should
trend toward determining how sediment surplus conditions have altered the ecological
functionality of the Rio Grande. This will allow for much more targeted ecosystem
management and provide a stronger argument for future flow augmentation.
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Figure 4.1. Graphs showing discrete suspended sediment samples (top) and the discharge
at the time each sample was collected (bottom) for the US Geological Survey gage at
Otowi Bridge, NM on the northern branch of the Rio Grande. Peak suspended sediment
concentrations occur in August, > 60 days after the peak of sampling discharges in June,
highlighting that sediment concentrations during the snowmelt peak are much lower than
those during the monsoon season.
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APPENDIX A
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REGIME OF THE NORTHERN BRANCH
Supporting Information for
Estimating the natural flow regime of rivers with long-standing development: the
northern branch of the Rio Grande
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Contents of this file
Text S1 to S7
Figures S1 to S27
Tables S1 to S26

Introduction
The included supplemental information provides more detailed descriptions of our
uncertainty analysis and calculations used in our mass balance model. Each primary
control volume formed by a pair of long-term gages is discussed in detail, including
assumptions, treatment of missing data, and how short-term gages were incorporated in
the final, natural flow estimates. We include the full results of our change point analysis,
including figures of mean annual flow, annual maximum, and annual minimum flows with
the probability distribution of change points. We also include tables that present
additional statistical results for the Bayesian change point model and Mann-Kendall
tests. The summary annual hydrographs for the periods determined by our change point
analysis are provided for each long-term gage. For additional model diagnostics, we
include graphs that summarize our uncertainty analysis for each gage. Finally, we include
tables that show statistics for total annual flow and flood metrics to compare natural and
measured flows.
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Text S1.
Mass Balance Model Diagnostics
We estimated the precision of our mass balance approach based on un-gaged area
between gages -- the more gages included in the calculations, the more precise the
estimate of natural flows. Gages on tributaries are crucial to estimate precise natural
inputs. As gages are added to the Rio Grande network, the average size of un-gaged
areas (𝐴) decreases. The ratio of un-gaged area to total drainage area (𝐴 𝑇 ) upstream of a
𝐴
gage therefore decreases. We calculated a metric for accuracy as 𝑝 = 1 − 𝐴 , which is a
𝑇

number between 0 and 1. Zero represents no additional gages between two primary
gages (i.e. no secondary control volumes). Cumulative 𝑝 for the entire drainage basin
approaches 1 asymptotically as more gages are added until maximum 𝑝 is reached when
all contributing areas are gaged. The uncertainty band for our mass balance approach
was calculated using the extreme values of 𝑝 for each gage. The lower limit represents
the estimated natural flow using the least amount of gages, or lowest precision,
observed in the period of record. We calculated the upper limit as the upper 95%
prediction interval using a linear regression between measured annual flow and
modelled, natural annual flow for the period of record with maximum 𝑝. We used the
linear regression to predict the upper limit for the entire measured period of record. Our
estimated natural flow regime does not account for transmission losses between gages,
because we assume these losses are negligible. We show two different transmission loss
estimates, given by the U.S. Bureau of Reclamation (Reclamation), compared to zero
transmission losses. Reclamation estimates that transmission losses vary with discharge
and time of year, and the seasonal effects on transmission losses are significantly
reduced at higher discharges. Typical losses for the quantity of stream flow estimated by
our natural hydrograph are 0.01% per kilometer, according to Reclamation. The
maximum loss rate reported is approximately 0.07% per kilometer, which occurred for
low discharge ( < 300 ft3/s) during July and August. We have included this estimate as
well, but the conditions under which this loss rate was observed do not exist in the
natural hydrograph.
Text S2.
Description of primary control volume between Del Norte and Lobatos
This control volume has inputs from the most upstream gage in the study area, Rio
Grande at Del Norte, CO (08220000) and one gaged tributary, the Conejos River near
Lasauses, CO (08249000). The output stream flow is measured by the Rio Grande gage at
Lobatos, CO. Gaging of the Conejos River did not begin until 1904 with the gage near
Mogote, CO. Before this time, Conejos River flow was considered un-gaged flow which is
represented by the very low accuracy of the mass balance estimate until gaging begins
on the Conejos. After the gage at Lasauses was added, un-gaged flows were calculated
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for secondary control volumes on the Conejos River and the estimated natural tributary
inflow was used as input to the Rio Grande. Therefore, un-gaged flows (𝛿) include losses
from irrigation in the San Luis Valley on the Rio Grande and Conejos River. 𝛿 showed
strong seasonality for this control volume, aligning well with the irrigation season from
April to October. From January to April, and October to December, there was a natural
increase in stream flow. In this case, we used 0 as the threshold to isolate and adjust
seasonal losses (i.e. 𝛿 = 0 where 𝛿 < 0). The natural inflows for this control volume
include the gage at Del Norte, because it is the least altered initial input node, and the
three headwaters gages for the Conejos River; Conejos River near Mogote, CO
(08246500), Los Piños River at Ortiz, CO (08248000), and San Antonio River at Ortiz, CO
(08247500). These natural inflows are the same used by the Rio Grande Compact to
determine supply indexes for the state of Colorado (RGCC 2015). We added the adjusted,
and time-adjusted, un-gaged flows (𝛿𝑖𝑗+𝑡𝑅 ) to these naturalized inputs to estimate the
natural flow from the primary control volume. There are missing data for all gages in this
control volume. In the absence of input data at the Del Norte gage, we do not calculate
natural flow. For all other gages, missing data are treated as zero values (e.g. if tributary
input data is missing, we assume that tributary input is zero).

Text S3.
Description of primary control volume between Lobatos and Embudo
This control volume includes three secondary control volumes: (1) Rio Grande at Lobatos,
CO to Rio Grande near Cerro, NM (08263500); (2) Rio Grande at Cerro, NM to Rio Grande
below Taos Junction Bridge, NM (08276500); (3) Rio Grande below Taos Junction Bridge,
NM to Rio Grande at Embudo, NM. For each secondary control volume, there is one
input, stream flow at the upstream gage; and one output, stream flow at the downstream
gage. Tributaries in this section are small and many of them are un-gaged. Stream flow
increases year-round for all secondary control volumes. In this case, un-gaged flows are
calculated directly with no adjustment or time shift. The cumulative sum of 𝛿 is added to
the natural flow at Lobatos to estimate natural flow at Embudo. The secondary control
volume from Cerro to Taos Junction Bridge has no data before 1948. The remaining
secondary control volumes have no data before 1925. Thus, between 1900 and 1925,
there is only one, primary control volume (Lobatos to Embudo); between 1925 and 1948,
there are two secondary control volumes (Lobatos to Taos, and Taos to Embudo); and
between 1948 and 2008 all three secondary control volumes are used. With the addition
of each control volume the average un-gaged area decreases.

Text S4.
Description of primary control volume between Embudo and Otowi Bridge
This control volume includes input stream flow at Embudo, NM, tributary input from the
Rio Chama gage near Chamita, NM (08290000), and stream flow out at Otowi Bridge,
NM. This control volume also uses four secondary control volumes on the Rio Chama to
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correct for consumptive losses and reservoir operation on this tributary. The Rio Chama
has three reservoirs and the San Juan-Chama trans-basin diversion which must be
accounted for to determine the natural tributary input to the primary control volume.
The first secondary control volume has stream flow inputs from the Rio Chama
gage near La Puente, NM (08284100), Willow Creek gage above Heron Reservoir near
Los Ojos, NM (08284200), Heron Reservoir daily change in storage, and El Vado Reservoir
daily change in storage. The output stream flow for this entire system is the Rio Chama
gage below El Vado Dam (08285500). We subtracted the San Juan trans-basin diversion
from 𝛿 using the Azotea Tunnel gage at its outlet near Chama, NM (08284160).
The second secondary control volume uses the gage below El Vado Dam as
stream-flow input and the Rio Chama gage above Abiquiu Reservoir, NM (08286500) as
the output stream flow. This secondary control volume showed positive values of 𝛿 all
year, meaning net gain in stream flow. The third secondary control volume is simply
Abiquiu Reservoir. Inputs are the gage above Abiquiu Reservoir and daily change in
storage. The output gage is the Rio Chama gage below Abiquiu Dam, NM (08287000).
For this control volume 𝛿 includes direct precipitation and runoff into the reservoir as
well as evaporation and seepage losses. In this case, losses were treated as 0 (i.e. 𝛿 = 0
where 𝛿 < 0) and only the un-gaged inflows were used. The final, secondary control
volume used the Rio Chama gage below Abiquiu Dam as an input and the Rio Chama
gage near Chamita as the output. The un-gaged flows include small tributary inputs as
well as irrigation losses. 𝛿 showed a clear seasonality, again aligning with the irrigation
season; therefore, this secondary control volume was treated the same as our first
primary control volume where zero was used as the threshold to eliminate losses. We
added the cumulative sum of 𝛿 calculated for all four secondary control volumes to the
Willow Creek gage above Heron Reservoir and the Rio Chama gage near La Puente, then
subtracted the San Juan diversion inflows to estimate the natural tributary stream flow.
Un-gaged inputs and outputs showed net gain all year between the Embudo
gage and the Otowi Bridge gage. Therefore, we used the 𝛿 calculated from the primary
control volume, the natural Rio Chama stream flow, and the natural flow at Embudo to
estimate the natural flow at Otowi Bridge. We used many variations of secondary control
volumes to reconstruct the Rio Chama streamflow. El Vado reservoir was completed in
1938, and no estimate of natural flow from the Rio Chama was needed before then. Also,
because there is net gain between Embudo and Otowi Bridge, we only used those two,
primary gages between 1900 and 1938 to calculate natural flows since the Rio Chama’s
natural input was included. Abiquiu Reservoir was completed in 1963. Heron reservoir
and the San Juan-Cham project were constructed in 1971. In addition, many gages have
incomplete data. We did not reconstruct flows on the Rio Chama before 1955, because
the gage near La Puente was not in operation before this date, and it represents the
most upstream, initial input. Between 1955 and 1963, we used two secondary control
volumes. From 1963 to 2008, we used all four secondary control volumes, adjusting the
first secondary control volume to include the San Juan-Chama project and Heron
reservoir after 1971.
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Text S5.
Description of primary control volume between Otowi Bridge and San Marcial
This control volume includes the agricultural region of central New Mexico, municipal
uses around Albuquerque, NM, and two reservoirs operated for flood control only. This is
represented by five secondary control volumes and one tributary control volume for the
Jemez River to correct for Jemez Canyon reservoir operations. The most upstream,
secondary control volume includes Cochiti Dam, which is not a storage facility. The
inputs include stream flow at Otowi Bridge and daily storage data for Cochiti reservoir;
outputs are measured by the Rio Grande gage below Cochiti Dam, NM (08317400). The
next secondary control volume uses input stream flow from the gage below Cochiti Dam
and output stream flow from the Rio Grande gage at San Felipe, NM (08319000). The
third, secondary control volume includes inputs from the gage at San Felipe and
tributary flow measured by the Jemez River gage below Jemez Canyon Dam, NM
(08328950). Jemez Canyon Dam was completed in 1953, and we assumed natural
tributary inflow before this time. The output stream flow is measured by the Rio Grande
gage at Albuquerque, NM (08330000). The fourth, secondary control volume has input
stream flows measured at Albuquerque and output stream flows measured by the Rio
Grande gages near San Acacia, NM. The total stream flow at San Acacia is the sum of the
three gages: (1) Rio Grande floodway at San Acacia, NM (08358400); (2) Rio Grande
conveyance channel at San Acacia, NM (08354800); (3) and Socorro main canal north at
San Acacia, NM (08354500). The final, secondary control volume has inputs measured as
the total stream flow near San Acacia, and output stream flow measured by the Rio
Grande gages at San Marcial, NM. The total stream flow at San Marcial is the sum of the
Rio Grande floodway at San Marcial, NM (08358400) and the Rio Grande conveyance
channel at San Marcial, NM (08358300). 𝛿 showed obvious seasonality aligning with the
irrigation season in central New Mexico for all secondary control volumes except Cochiti
Dam and the Jemez River. The non-seasonal components always showed net gain in
stream flow for all control volumes. We adjusted 𝛿 using a zero threshold as done
previously.
We added the cumulative sum of 𝛿, for all secondary control volumes, to the
natural tributary input from the Jemez River and the natural flow at Otowi Bridge. We
calculated natural tributary inputs for years after 1953 using an initial input from the
Jemez River gage near Jemez, NM (08324000), daily storage data for Jemez Canyon
reservoir, and output stream flow measured by the gage below Jemez Canyon Dam.
Before 1953, stream flow was un-altered, therefore, we incorporated it in 𝛿 for the third
secondary control volume. Between 1953 and 1971 there is no daily storage data for
Jemez Canyon Dam, therefore, we used the gage near Jemez, NM as the natural tributary
input. We used the same method applied previously to adjust secondary control volumes
and inputs with missing data were assumed to be 0. The gage at San Felipe extends back
to 1926, the San Acacia gages to 1936, and Albuquerque to 1941. Thus, we used only the
primary control volume between Otowi Bridge and San Marcial for calculations from
1900 to 1926. From 1926 to 1936, we used the secondary control volumes between
Otowi Bridge and San Felipe; and from San Felipe to San Marcial. From 1936 to 1941, we
added the secondary control volumes between San Felipe and San Acacia; and between

145
San Acacia and San Marcial. Between 1941 and 1971, we included the additional
secondary control volume using the Albuquerque gage. Following the construction of
Cochiti Dam in 1971, we used all five secondary control volumes.
Text S6.
Description of the primary control volume between San Marcial and El Paso
This primary control volume includes the two reservoirs and water distribution
infrastructure provided by the Rio Grande Project. This section includes the largest
reservoir on the northern branch, Elephant Butte. There are three secondary control
volumes that make up the primary control volume. The first secondary control volume
uses stream flow at San Marcial as input, daily storage data for Elephant Butte Reservoir,
and flow below Elephant Butte Dam, NM at the IBWC gage (08-3610.00) as output. The
second, secondary control volume uses the Rio Grande gage below Elephant Butte Dam,
NM (08-3610.00) and daily storage data for Caballo reservoir as inputs; the Rio Grande
gage below Caballo Dam, NM (08-3625.00) is used for the output stream flow. The
downstream secondary control volume uses the gage below Caballo Dam as stream flow
input and the Rio Grande gage at El Paso, TX (08-3640.00) as the output. This secondary
control volume includes irrigation losses from the Mesilla Valley in New Mexico. Like
previous irrigation districts, 𝛿 is obviously seasonal with 0 as the threshold for
adjustment, because stream flow increases for the non-seasonal component. Elephant
Butte Dam was completed in 1915 and Caballo Dam in 1938. From 1900 to 1915, we
used only the primary control volume to calculate 𝛿, from San Marcial to El Paso.
Between 1916 and 1938, we used two secondary control volumes. From 1938 to 2008,
we used all secondary control volumes. We treated missing data the same as previous
primary control volumes. The cumulative sum of 𝛿 for all secondary control volumes
added to the natural flow at San Marcial to estimate the natural flow at El Paso.

Text S7.
Description of the primary control volume between El Paso and Presidio
This control volume is the most downstream primary control volume and includes
irrigation in the El Paso/Juarez valley. This is the most downstream, major irrigation
district before the confluence of the Rio Conchos. This control volume consists of two
secondary control volumes. The first, uses stream flow measured at the El Paso gage as
inputs and the Rio Grande gage at Ft. Quitman, TX (08-375.00) as outputs. This
secondary control volume has seasonal losses associated with the irrigation season, and
occasional losses for the non-seasonal component as well. We used the median of the
non-seasonal component as the threshold to adjust 𝛿 (i.e. 𝛿𝑆 = 0 where 𝛿𝑆 < 𝑃0.5 (𝛿𝑁𝑆 ); 𝛿𝑆
is seasonal component and 𝛿𝑁𝑆 is the non-seasonal component). The next, secondary
control volume uses stream flow at the Ft. Quitman gage as inputs and the Rio Grande
gage above Rio Conchos near Presidio, TX, as the outputs. Here, 𝛿 shows apparent,
natural gains and losses, therefore, we did no adjustments. We used both secondary
control volumes after 1922, because the Ft. Quitman gage does not have data before this
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date. Before 1922, we used the primary control volume from El Paso to Presidio to
calculate 𝛿. We added the un-gaged flows from the secondary control volumes to the
natural flow at El Paso to estimate natural flow near Presidio.

Figure S1. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage near Del Norte. Posterior distributions from Bayesian change point model are
plotted on the top of graphs, this shows the probability that any given year (𝒕) is a
change point (𝝉). Probabilities of change are not plotted for time series that had no
change points. There was a significant trend in mean annual flow (b) of -0.05 𝒎𝟑 /𝒔 per
year.
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Figure S2. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage near Lobatos. Posterior distributions from Bayesian change point model are plotted
on the top of graphs, this shows the probability that any given year (𝒕) is a change point
(𝝉). Probabilities of change are not plotted for time series that had no change points.
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Figure S3. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage at Embudo. Posterior distributions from Bayesian change point model are plotted
on the top of graphs, this shows the probability that any given year (𝒕) is a change point
(𝝉). Probabilities of change are not plotted for time series that had no change points.
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Figure S4. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage at Otowi Bridge. Posterior distributions from Bayesian change point model are
plotted on the top of graphs, this shows the probability that any given year (𝒕) is a
change point (𝝉). Probabilities of change are not plotted for time series that had no
change points. There was a significant trend in mean annual flow (b) of -0.1 𝒎𝟑 /𝒔 per
year and in the annual minimum flows of 0.03 𝒎𝟑 /𝒔.
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Figure S5. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage at San Marcial. Posterior distributions from Bayesian change point model are
plotted on the top of graphs, this shows the probability that any given year (𝒕) is a
change point (𝝉). Probabilities of change are not plotted for time series that had no
change points.
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Figure S6. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage at El Paso. Posterior distributions from Bayesian change point model are plotted on
the top of graphs, this shows the probability that any given year (𝑡) is a change point
(𝜏). Probabilities of change are not plotted for time series that had no change points.
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Figure S7. Graphs of (a) annual maximum, mean daily discharge, (b) mean annual
discharge, and (c) annual minimum, mean daily discharge for U.S. Geological Survey
gage near Presidio. Posterior distributions from Bayesian change point model are plotted
on the top of graphs, this shows the probability that any given year (𝑡) is a change point
(𝜏). Probabilities of change are not plotted for time series that had no change points.
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Figure S8. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century (1900 – 1948) regime near Lobatos. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.

Figure S9. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1950-2010) regime near Lobatos. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S10. Graphs of a) estimated natural total annual flow near Lobatos with
uncertainty band; b) proportion of primary control volume gaged (𝑝) for each year; and
c) estimated, natural total annual flow with no transmission losses, 0.01% per km, and
0.07% per km losses. 𝑝 increases with each gage added to the primary control volume.
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Figure S11. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century (1900 – 1948) regime at Embudo. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.

Figure S12. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1950-2010) regime at Embudo. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S13. Graphs of a) estimated natural total annual flow at Embudo with uncertainty
band; b) proportion of primary control volume gaged (𝑝) for each year; and c) estimated,
natural total annual flow with no transmission losses, 0.01% per km, and 0.07% per km
losses. 𝑝 increases with each gage added to the primary control volume.
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Figure S14. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century (1900 – 1948) regime at Otowi Bridge. Black dots
represent maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.

Figure S15. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1950-2010) regime at Otowi Bridge. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S16. Graphs of a) estimated natural total annual flow at Otowi Bridge with
uncertainty band; b) proportion of primary control volume gaged (𝑝) for each year; and
c) estimated, natural total annual flow with no transmission losses, 0.01% per km, and
0.07% per km losses. 𝑝 increases with each gage added to the primary control volume.
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Figure S17. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century (1900 – 1944) regime at San Marcial. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.

Figure S18. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1950-2010) regime at San Marcial. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S19. Graphs of a) estimated natural total annual flow at San Marcial with
uncertainty band; b) proportion of primary control volume gaged (𝑝) for each year; and
c) estimated, natural total annual flow with no transmission losses, 0.01% per km, and
0.07% per km losses. 𝑝 increases with each gage added to the primary control volume.
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Figure S20. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century pre-Elephant Butte (1900 – 1914) regime at El Paso. Black
dots represent maximum and minimum, solid line is the median, and the shaded region
is the interquartile range of daily values for each day during the defined period.

Figure S21. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century post-Elephant Butte (1916 – 1943) regime at El Paso.
Black dots represent maximum and minimum, solid line is the median, and the shaded
region is the interquartile range of daily values for each day during the defined period.
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Figure S22. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1951 – 2010) regime at El Paso. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S23. Graphs of a) estimated natural total annual flow at El Paso with uncertainty
band; b) proportion of primary control volume gaged (𝑝) for each year; and c) estimated,
natural total annual flow with no transmission losses, 0.01% per km, and 0.07% per km
losses. 𝑝 increases with each gage added to the primary control volume.
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Figure S24. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century pre-Elephant Butte (1900 – 1914) regime near Presidio.
Black dots represent maximum and minimum, solid line is the median, and the shaded
region is the interquartile range of daily values for each day during the defined period.

Figure S25. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the early 20th century post-Elephant Butte (1916 – 1949) regime near Presidio.
Black dots represent maximum and minimum, solid line is the median, and the shaded
region is the interquartile range of daily values for each day during the defined period.
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Figure S26. Summary annual hydrographs of a) estimated natural flows and b) measured
flows for the late 20th century (1951 – 2010) regime near Presidio. Black dots represent
maximum and minimum, solid line is the median, and the shaded region is the
interquartile range of daily values for each day during the defined period.
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Figure S27. Graphs of a) estimated natural total annual flow near Presidio with
uncertainty band; b) proportion of primary control volume gaged (𝑝) for each year; and
c) estimated, natural total annual flow with no transmission losses, 0.01% per km, and
0.07% per km losses. 𝑝 increases with each gage added to the primary control volume.

Measured
Annual Max
Annual Mean
Annual Min

95% Credibility
Interval
𝝉
"No Change Point"
"No Change Point"
1930

[1930, 1979]

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

-

-

-

-

-

-

-

-

-

-

-

-

-

-

6.39e-13

5.2

3.4

1.0

0.7

0.18

0.19

Table S1. Change point results for the Rio Grande near Del Norte. 𝜏 is the estimated
change point, 95% credibility interval is the interval that contains 95% of the marginal
distribution of 𝜏, p-values are for two-sided t-test with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 ,
𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with subscript (a) describe statistics before the
change point and subscripts (b), after the change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of
variation.
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Measured

Pre-Change Point Correction
p-value
𝒁𝑴𝑲

Post-Change Point Correction
p-value
𝒁𝑴𝑲

Annual Max

-0.0807

0.19836

no change

Annual Mean

-0.128

0.04019

no change

Annual Min

-0.277

0.000013

-0.00883

0.9326

Table S2. Mann-Kendall trend results for the Rio Grande near Del Norte. p-values ≤
0.05 are considered significant.

Annual Max

𝝉
1949

95% Credibility
Interval
[1899, 1950]

Annual Mean

1949

[1929, 1964]

Measured

Annual Max

"No Change Point"
95% Credibility
Interval
𝝉
“No Change Point”

Annual Mean

Annual Min
Natural

Annual Min

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

3.847e-7
1.005e-5

139

57

96

45

0.69

0.78

21

11

12

7

0.56

0.66

-

-

-

-

-

-

-

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

-

-

-

-

-

-

-

“No Change Point”

-

-

-

-

-

-

-

“No Change Point”

-

-

-

-

-

-

-

Table S3. Change point results for measured flows and estimated natural flows for the
Rio Grande near Lobatos. . 𝜏 is the estimated change point, 95% credibility interval is the
interval that contains 95% of the marginal distribution of 𝜏, p-values are for two-sided ttest with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 , 𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with
subscript (a) describe statistics before the change point and subscripts (b), after the
change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
-0.279
-0.232
-0.0531
𝒁𝑴𝑲
-0.162
-0.165
-0.24

0.0000084
0.000207
0.39896
p-value
0.013152
0.011405
0.000243

Post-Change Point Correction
p-value
𝒁𝑴𝑲
0.0305
0.62748
0.0268
0.66983
no change
p-value
𝒁𝑴𝑲
no change
no change
no change

Table S4. Mann-Kendall trend results for measured flows and estimated natural flows for
the Rio Grande near Lobatos. p-values ≤ 0.05 are considered significant.
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Measured

𝝉
1949

95% Credibility
Interval
[1949, 1999]

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

3.618e-5

159

87

98

65

0.62

0.75

[1949, 1999]

0.00028

29

21

12

10

0.42

0.49

-

-

-

-

-

-

𝑪𝑽𝒂

𝑪𝑽𝒃

Annual Max

“No Change Point”
95% Credibility
Interval
𝝉
“No Change Point”

-

Annual Max
Annual Mean
Annual Min
Natural

1949

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

-

-

-

-

-

-

-

Annual Mean

“No Change Point”

-

-

-

-

-

-

-

Annual Min

“No Change Point”

-

-

-

-

-

-

-

Table S5. Change point results for measured flows and estimated natural flows for the
Rio Grande at Embudo. 𝜏 is the estimated change point, 95% credibility interval is the
interval that contains 95% of the marginal distribution of 𝜏, p-values are for two-sided ttest with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 , 𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with
subscript (a) describe statistics before the change point and subscripts (b), after the
change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
-0.195
-0.184
𝒁𝑴𝑲
-0.153
-0.143
-0.0987

0.0016291
0.0028568
p-value
0.01934
0.028125
0.13088

Post-Change Point Correction
p-value
𝒁𝑴𝑲
0.0279
0.0207
𝒁𝑴𝑲

0.65335
0.73881
p-value

no change
no change
no change

Table S6. Mann-Kendall trend results for measured flows and estimated natural flows for
the Rio Grande at Embudo. p-values ≤ 0.05 are considered significant.
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Measured
Annual Max

𝝉
1949

95% Credibility
Interval
[1945, 1995]

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

2.419e-7

273

135

142

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

79

0.52

0.59

Annual Mean

“No Change Point”

-

-

-

-

-

-

-

Annual Min

“No Change Point”
95% Credibility
Interval
𝝉
“No Change Point”

-

-

-

-

-

-

-

̅𝒂
𝑸

̅𝒃
𝑸

𝑪𝑽𝒂

𝑪𝑽𝒃

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Natural
Annual Max

p-value

Annual Mean

“No Change Point”

-

Annual Min

“No Change Point”

-

𝝈𝒂

𝝈𝒃

Table S7. Change point results for measured flows and estimated natural flows for the
Rio Grande at Otowi Bridge. 𝜏 is the estimated change point, 95% credibility interval is
the interval that contains 95% of the marginal distribution of 𝜏, p-values are for twosided t-test with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 , 𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with
subscript (a) describe statistics before the change point and subscripts (b), after the
change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
-0.287
-0.126
0.189
𝒁𝑴𝑲
0.0391
0.0601
0.232

0.0000054
0.045351
0.0028106
p-value
0.55189
0.36005
0.000408

Post-Change Point Correction
p-value
𝒁𝑴𝑲
0.0418
0.50933
no change
no change
p-value
𝒁𝑴𝑲
no change
no change
no change

Table S8. Mann-Kendall trend results for measured flows and estimated natural flows for
the Rio Grande at Otowi Bridge. p-values ≤ 0.05 are considered significant.
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Annual Max

𝝉
1945

95% Credibility
Interval
[1942, 1995]

Annual Mean

1949

Measured

Annual Min
Natural
Annual Max
Annual Mean
Annual Min

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

2.585e-7

322

119

192

64

0.60

0.54

[1949, 1999]

0.00224

41

27

26

17

0.63

0.61

“No Change Point”
95% Credibility
Interval
𝝉
“No Change Point”

-

-

-

-

-

-

-

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

1978

p-value

[1956, 1999]

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

-

-

-

-

-

-

-

0.01636

67

82

25

31

0.37

0.38

-

-

-

-

-

-

-

“No Change Point”

Table S9. Change point results for measured flows and estimated natural flows for Rio
the Grande at San Marcial. 𝜏 is the estimated change point, 95% credibility interval is the
interval that contains 95% of the marginal distribution of 𝜏, p-values are for two-sided ttest with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 , 𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with
subscript (a) describe statistics before the change point and subscripts (b), after the
change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
0.363
0.143

𝒁𝑴𝑲
0.0201
0.106
0.351

0.000000012
0.025374
p-value
0.76013
0.10365
1.1921e-07

Post-Change Point Correction
p-value
𝒁𝑴𝑲
0.0544
0.037
-

0.39472
0.56317
p-value
𝒁𝑴𝑲
no change
-0.019
0.77229
no change

Table S10. Mann-Kendall trend results for measured flows and estimated natural flows
for the Rio Grande at San Marcial. p-values ≤ 0.05 are considered significant.
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Measured
Annual Max
Annual Mean

Annual Min
Natural
Annual Max
Annual Mean
Annual Min

95% Credibility
Interval
𝝉
1912
1944
[1944, 1964]
1912
1950
1985
[1985,1985]
95% Credibility
Interval
𝝉
“No Change Point”
“No Change Point”
“No Change Point”

p-value
4.937e-5
2.048e-5
0.00397
8.638e-8
0.00036
p-value
-

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

280
110
35
23
11
-

110
53
23
11
18
-

173
48
23
9
4
-

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

-

-

𝝈𝒃
48
24
9
4
8
𝝈𝒃
-

𝑪𝑽𝒂

𝑪𝑽𝒃

0.62
0.45
0.66
0.39
0.39
-

0.45
0.46
0.39
0.39
0.46
-

𝑪𝑽𝒂

𝑪𝑽𝒃

-

-

-

Table S11. Change point results for measured flows and estimated natural flows for the
Rio Grande at El Paso. 𝜏 is the estimated change point, 95% credibility interval is the
interval that contains 95% of the marginal distribution of 𝜏, p-values are for two-sided ttest with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 , 𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with
subscript (a) describe statistics before the change point and subscripts (b), after the
change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
-0.483
5.2E-15
-0.355
9.2E-09
p-value
𝒁𝑴𝑲
-0.0408
0.5327
0.0762
0.24383
0.327
5.9605e-07

Post-Change Point Correction
p-value
𝒁𝑴𝑲
0.101
0.074952
-0.00213
0.97156
p-value
𝒁𝑴𝑲
no change
no change
no change

Table S12. Mann-Kendall trend results for measured flows and estimated natural flows
for the Rio Grande at El Paso. p-values ≤ 0.05 are considered significant.
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Measured
Annual Max

𝝉
1912

95% Credibility
Interval
[1902, 1912]

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

0.00046

187

76

108

60

0.58

0.79

1950

[1914, 1958]

0.00021

76

18

60

15

0.79

0.85

1977

[1977, 1985]

0.00723

18

35

15

33

0.85

0.96

1912

[1902, 1912]

0.00409

24

10

18

10

0.78

0.97

1950

[1950, 1969]

0.00199

10

0.8

9.8

0.9

0.97

1.10

[1969, 1983]

5.579e-5

0.8

1.8

0.9

1.4

1.10

0.74

[1983, 1985]

0.00081

1.8

9.2

1.4

8.6

0.74

0.93

-

-

-

-

-

-

-

Annual Max

95% Credibility
Interval
𝝉
“No Change Point”

Annual Mean

“No Change Point”

Annual Mean

1969
1983
Annual Min
Natural

Annual Min

-

1981

[1981, 1981]

p-value

̅𝒂
𝑸

̅𝒃
𝑸

𝝈𝒂

𝝈𝒃

𝑪𝑽𝒂

𝑪𝑽𝒃

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.00011

14

20

6

7

0.43

0.35

Table S13. Change point results for measured flows and estimated natural flows for the
Rio Grande near Presidio upstream from the Rio Conchos. 𝜏 is the estimated change
point, 95% credibility interval is the interval that contains 95% of the marginal
distribution of 𝜏, p-values are for two-sided t-test with null hypothesis 𝐻0 : 𝑄̅𝑎 = 𝑄̅𝑏 ,
𝑄̅ 𝑎𝑛𝑑 𝜎 are given in 𝑚3 /𝑠. Parameters with subscript (a) describe statistics before the
change point and subscripts (b), after the change point. 𝐶𝑉 = 𝜎/𝑄̅ is the coefficient of
variation.

Measured
Annual Max
Annual Mean
Annual Min
Natural
Annual Max
Annual Mean
Annual Min

Pre-Change Point Correction
p-value
𝒁𝑴𝑲
-0.393
-0.256
𝒁𝑴𝑲
-0.022
0.0774
0.31

0.000000002
0.0001
p-value
0.73853
0.23837
2.265e-06

Post-Change Point Correction
p-value
𝒁𝑴𝑲
-0.111
0.0361
-

0.0921
0.607
p-value

𝒁𝑴𝑲
no change
no change
0.109

0.09565

Table S14. Mann-Kendall trend results for measured flows and estimated natural flows
for the Rio Grande near Presidio upstream from the Rio Conchos. p-values ≤ 0.05 are
considered significant.
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Period

Percent Change

1900 - 1948
1950 - 2010

-53
-68

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
648.48
363.84

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1380.4
1147.6

Table S15. Comparison of estimated natural total annual flow and measured flow near
Lobatos for each time period defined by change point analysis.

Magnitude (𝒎𝟑 /𝒔)
1900 - 1948
1950 - 2010
Duration (days)
1900 - 1948
1950 - 2010
Peak Date
1900 - 1948
1950 - 2010
Symmetry*
1900 - 1948
1950 - 2010

𝑷𝟎.𝟐𝟓

54
15

Observed Floods
𝑷𝟎.𝟓
119
44

𝑷𝟎.𝟕𝟓

209
90

Range
[12, 371]
[7, 258]

60
66

74
80

93
101

[33, 144]
[31, 134]

5/1
3/16

5/24
5/21

6/9
6/9

[2/22, 11/7]
[1/28, 11/9]

2.1
1.3

[0.2, 10.0]
[0.1, 5.8]

0.6
0.4

1.1
0.7
Natural Floods
𝑷𝟎.𝟓
228
191

𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟕𝟓
Range
Magnitude (𝒎𝟑 /𝒔)
1900 - 1948
172
281
[79, 487]
1950 - 2010
144
248
[31, 344]
Duration (days)
1900 - 1948
110
124
136
[60, 145]
1950 - 2010
103
119
131
[61, 145]
Peak Date
1900 - 1948
5/18
5/29
6/6
[4/30, 6/30]
1950 - 2010
5/22
5/29
6/7
[5/8, 6/28]
Symmetry*
1900 - 1948
1.2
1.7
2.4
[0.6, 6.7]
1950 - 2010
1.0
1.3
2.1
[0.4, 5.5]
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Table S16. Comparison of estimated natural and measured flood metrics near Lobatos
for each time period defined by change point analysis.
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Period

Percent Change

1900 - 1948
1950 - 2010

-45
-53

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
938.27
682.68

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1698.5
1459.2

Table S17. Comparison of estimated, natural total annual flow and measured flow at
Embudo for each time period defined by change point analysis.

Magnitude (𝒎𝟑 /𝒔)
1900 - 1948
1950 - 2010
Duration (days)
1900 - 1948
1950 - 2010
Peak Date
1900 - 1948
1950 - 2010
Symmetry*
1900 - 1948
1950 - 2010

𝑷𝟎.𝟐𝟓

Observed Floods
𝑷𝟎.𝟓
62
151
29
69

𝑷𝟎.𝟕𝟓

236
147

Range
[22, 450]
[14, 270]

57
75

83
93

116
109

[41, 144]
[34, 133]

5/10
3/30

5/22
5/19

6/6
5/29

[2/17, 11/25]
[1/27, 11/11]

1.0
0.9
Natural Floods
𝑷𝟎.𝟓
185
247
152
207

1.4
1.8

[0.2, 7.4]
[0.09, 16.7]

0.7
0.5

𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟕𝟓
Magnitude (𝒎𝟑 /𝒔)
Range
1900 - 1948
335
[79, 516]
1950 - 2010
297
[36, 447]
Duration (days)
1900 - 1948
109
125
140
[60, 145]
1950 - 2010
104
118
131
[57, 144]
Peak Date
1900 - 1948
5/17
5/28
6/6
[4/30, 6/30]
1950 - 2010
5/22
5/29
6/6
[5/8, 6/20]
Symmetry*
1900 - 1948
1.2
1.6
2.3
[0.6, 6.3]
1950 - 2010
0.9
1.3
1.8
[0.3, 4.0]
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Table S18. Comparison of estimated natural and measured flood metrics at Embudo for
each time period defined by change point analysis.
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Period

Percent Change

1900 - 1948
1950 - 2010

-22
-42

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1515.1
1192.8

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1941.7
2056.4

Table S19. Comparison of estimated, natural total annual flow and measured flow at
Otowi Bridge for each time period defined by change point analysis.

Magnitude (𝒎 /𝒔)
1900 - 1948
1950 - 2010
Duration (days)
1900 - 1948
1950 - 2010
Peak Date
1900 - 1948
1950 - 2010
Symmetry*
1900 - 1948
1950 - 2010
𝟑

𝑷𝟎.𝟐𝟓

Observed Floods
𝑷𝟎.𝟓
153
236
66
116

𝑷𝟎.𝟕𝟓

361
223

Range
[36, 629]
[25, 340]

76
55

89
89

121
110

[33, 143]
[22, 130]

5/2
5/9

5/16
5/19

5/24
5/29

[4/4, 9/30]
[1/1, 11/12]

1.0
1.0
Natural Floods
𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟓
193
306
190
290

1.6
2.1

[0.1, 11.2]
[0.1, 13.0]

0.6
0.5

𝑷𝟎.𝟕𝟓
Magnitude (𝒎𝟑 /𝒔)
Range
1900 - 1948
350
[78, 788]
1950 - 2010
434
[46, 747]
Duration (days)
1900 - 1948
101
117
133
[60, 145]
1950 - 2010
97
115
126
[56, 143]
Peak Date
1900 - 1948
5/14
5/28
6/5
[4/18, 6/30]
1950 - 2010
5/16
5/22
5/30
[4/15, 6/19]
Symmetry*
1900 - 1948
1.3
1.8
2.5
[0.3, 8.4]
1950 - 2010
0.8
1.3
1.8
[0.4, 4.3]
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Table S20. Comparison of estimated natural and measured flood metrics at Otowi
Bridge for each time period defined by change point analysis.
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Period

Percent Change

1900 - 1944
1950 - 2010

-38
-63

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1314.9
900.11

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
2137.7
2424.9

Table S21. Comparison of estimated, natural total annual flow and measured flow at San
Marcial for each time period defined by change point analysis.

Magnitude (𝒎 /𝒔)
1900 - 1948
1950 - 2010
Duration (days)
1900 - 1948
1950 - 2010
Peak Date
1900 - 1948
1950 - 2010
Symmetry*
1900 - 1948
1950 - 2010
𝟑

𝑷𝟎.𝟐𝟓

Observed Floods
𝑷𝟎.𝟓
91
227
42
80

𝑷𝟎.𝟕𝟓

316
141

Range
[14, 824]
[16, 264]

53
56

75
73

105
88

[21, 132]
[30, 138]

4/27
2/26

5/12
5/23

5/28
6/10

[1/4, 12/15]
[1/2, 12/24]

1.4
0.9
Natural Floods
𝑷𝟎.𝟓
201
319
192
305

2.5
2.3

[0.1, 20.3]
[0.1, 97.0]

0.6
0.4

𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟕𝟓
Magnitude (𝒎𝟑 /𝒔)
Range
1900 - 1948
411
[79, 817]
1950 - 2010
456
[48, 802]
Duration (days)
1900 - 1948
93
115
130
[48, 145]
1950 - 2010
86
111
121
[23, 141]
Peak Date
1900 - 1948
5/16
5/27
6/10
[4/21, 7/3]
1950 - 2010
5/17
5/24
6/1
[4/8, 6/22]
Symmetry*
1900 - 1948
1.2
1.6
2.9
[0.3, 8.4]
1950 - 2010
0.8
1.3
1.7
[0.3, 4.5]
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Table S22. Comparison of estimated natural and measured flood metrics at San Marcial
for each time period defined by change point analysis.
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Period

Percent Change

1900 - 1914
1916 - 1943
1951 - 2010

-33
-70
-83

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1088.9
775.80
438.68

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1625.2
2597.1
2616.9

Table S23. Comparison of estimated, natural total annual flow and measured flow at El
Paso for each time period defined by change point analysis.
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Magnitude (𝒎𝟑 /𝒔)
1900 – 1914
1916 – 1943
1951 – 2010
Duration (days)
1900 – 1914
1916 – 1943
1951 – 2010
Peak Date
1900 – 1914
1916 – 1943
1951 – 2010
Symmetry*
1900 – 1914
1916 – 1943
1951 – 2010

𝑷𝟎.𝟐𝟓
109
52
36

Observed Floods
𝑷𝟎.𝟓
228
61
42

𝑷𝟎.𝟕𝟓

341
79
54

Range
[5, 671]
[40, 198]
[10, 110]

61
38
49

77
46
65

98
61
95

[31, 133]
[25, 105]
[29, 125]

5/1
6/5
7/7

5/31
7/17
7/29

6/13
8/23
8/17

[1/13, 10/15]
[4/14, 10/15]
[3/5, 12/21]

3.7
1.9
1.2

[0.5, 5.8]
[0.07, 21.0]
[0.02, 14]

0.5
0.3
0.2

0.9
0.7
0.5
Natural Floods
𝑷𝟎.𝟓
197
344
326

𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟕𝟓
Magnitude (𝒎𝟑 /𝒔)
1900 – 1914
160
297
1916 – 1943
261
499
1951 – 2010
214
458
Duration (days)
1900 – 1914
97
107
111
1916 – 1943
81
101
110
1951 – 2010
81
105
119
Peak Date
1900 – 1914
5/31
6/11
6/13
1916 – 1943
5/15
5/26
6/9
1951 – 2010
5/15
5/26
6/2
Symmetry*
1900 – 1914
0.9
1.2
1.5
1916 – 1943
1.2
1.8
3.8
1951 – 2010
0.8
1.2
1.9
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Range
[79, 744]
[139, 864]
[61, 812]
[48, 121]
[61, 135]
[21, 140]
[5/5, 6/20]
[4/23, 7/4]
[4/9, 8/13]
[0.5, 2.7]
[0.2, 7.1]
[0.3, 10.6]

Table S24. Comparison of estimated natural and measured flood metrics at El Paso for
each time period defined by change point analysis.

Period

Percent Change

1900 - 1914
1916 - 1949
1951 - 2010

-57
-89
-95

Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
730.82
302.36
126.08

Natural Average Annual
Runoff (𝟏𝟎𝟔 𝒎𝟑 )
1716.0
2638.3
2623.6

Table S25. Comparison of estimated, natural total annual flow and measured flow near
Presidio for each time period defined by change point analysis.
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Magnitude (𝒎𝟑 /𝒔)
1900 – 1914
1916 – 1949
1951 – 2010
Duration (days)
1900 – 1914
1916 – 1949
1951 – 2010
Peak Date
1900 – 1914
1916 – 1949
1951 – 2010
Symmetry*
1900 – 1914
1916 – 1949
1951 – 2010

𝑷𝟎.𝟐𝟓

Observed Floods
𝑷𝟎.𝟓
71
187
15
46
6
12

𝑷𝟎.𝟕𝟓

217
64
25

Range
[4, 388]
[6, 145]
[0.8, 132]

69
39
44

85
50
71

89
71
83

[46, 131]
[18, 110]
[7, 119]

5/14
3/1
6/29

6/12
8/11
9/15

7/7
9/29
10/16

[1/27, 10/17]
[1/1, 10/22]
[1/1, 12/21]

0.4
1.3
1.5

0.7
4.6
3.4
Natural Floods
𝑷𝟎.𝟓
223
349
324

1.6
15.3
7.8

[0.3, 8.0]
[0.5, 70.0]
[0.2, 54.0]

𝑷𝟎.𝟐𝟓
𝑷𝟎.𝟕𝟓
Range
Magnitude (𝒎𝟑 /𝒔)
1900 – 1914
165
300
[99, 744]
1916 – 1949
270
466
[136, 864]
1951 – 2010
201
458
[60, 814]
Duration (days)
1900 – 1914
99
106
112
[48, 123]
1916 – 1949
82
98
117
[45, 135]
1951 – 2010
79
101
115
[19, 140]
Peak Date
1900 – 1914
6/5
6/11
6/14
[5/22, 6/21]
1916 – 1949
5/16
5/29
6/11
[4/24, 7/5]
1951 – 2010
5/16
5/27
6/3
[4/10, 6/24]
Symmetry*
1900 – 1914
0.7
0.9
1.4
[0.1, 2.4]
1916 – 1949
1.1
2.1
3.9
[0.2, 8.6]
1951 – 2010
0.8
1.3
1.9
[0.2, 10.6]
*Symmetry is measured as the ratio of rate of flood rise to rate of flood recession

Table S26. Comparison of estimated natural and measured flood metrics near Presidio
for each time period defined by change point analysis.
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APPENDIX B
METHODS FOR ESTIMATING STAGE-DISCHARGE RATING CURVES AND
CALIBRATING FLOW MODELS

This appendix contains more detailed methods of developing stage-discharge
rating curves (section B1), as well as the 2D flow model parameters used for the paleoflood analysis (section B2) of the two reaches within Boquillas Canyon. B1 includes a
comparison of both 1-dimensional and 2-dimensional models to assess which modeling
framework is better. Each section includes relevant discussion about assumptions and
uncertainty. The models used include the US Army Corps of Engineers River Analysis
System (HEC-RAS) program (Hydrologic Engineering Center 1995) and the quasi 3dimensional FaSTMECH solver, part of the iRIC software (Nelson et al. 2010).
HEC-RAS is capable of 1D and 2D hydraulic calculations for steady or un-steady
flow conditions. The computational procedure primarily depends on solving the onedimensional energy equation at individual cross sections for a river reach. Energy losses
are evaluated using Manning’s equation to quantify friction. FaSTMECH solves the
multi-dimensional equations for conservation of mass and momentum. These
computations are done for cartesian coordinates within an unstructured grid, allowing for
unit scale calculations of water depth and velocity. The FaSTMECH solver is considered
quasi-3D because it provides the user options for including all dimensions or averaging
over certain dimensions in space (e.g. vertical velocity distribution). FaSTMECH
computes energy losses using the drag coefficient which can be estimated based on flow
depth and Manning’s 𝑛, entered directly into the model, or calculated based on grain size
and flow depth.
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B1: Determining stage-discharge relationships for the two sub-reaches in Boquillas
Canyon
The topography used in both 1D and 2D modeling was collected in 2017. For the
first reach (SR1), topography and bathymetry were collected January 2017. The second
reach (SR2) topography was collected January 2017 and bathymetry was collected partly
in January and partly in May 2017. At depths more than 0.3 m we collected bathymetry
using a Teledyne Rio Grande acoustic Doppler current profiler (ADCP) that was
maneuvered back-and-forth across the channel in a zig-zag pattern. Depths from the
ADCP were georeferenced with elevations using a robotic total station that tracked its
movement via a 3D prism fixed to the top of the ADCP. Areas of the channel that were
shallow enough to wade, we supplemented the ADCP depths with total station points.
The SR2 bathymetry sampling in May was at low flows and thus surveyed completely by
total station.
Water surface profiles, or partial water surface profiles, were measured at various
discharges for both study reaches. More discharges were measured at SR1 than SR2
because the Boquillas Canyon pressure transducer is the downstream boundary condition
for SR1 and additional discharges produce a better stage-discharge rating curve.
Additional discharge measurements for SR1 did not have a surveyed water surface profile
and therefore only one stage measurement at the downstream end of the reach. For SR2,
discharges that were not measured with a surveyed water surface profile were not used in
the stage-discharge rating curve. Table B1 shows all discharge measurements for SR1
and SR2 with associated stage information. For SR1, a discharge measurement with a
measured water surface elevation or profile was used to calibrate the channel roughness
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parameter in the 1D and 2D models. For SR2, the roughness and discharge were modeled
simultaneously such that the RMSE was minimized to determine the best fit discharge
and roughness for the measured water surface because the discharge was not known
(Griffiths et al., 2010). For SR1, the discharge measurement on January 14, 2017 was
used to determine a roughness. For SR2, the discharge measured January 17, 2016 was
used. All discharges were measured at relatively low flows, but a high stage water surface
was surveyed immediately following a flood in May 2017 of about 290 m3/s which was
used to extend the rating-curve to higher discharges.
The high stage for the 2008 reset flood, which peaked at a discharge greater than
1400 m3/s, was estimated but was not used in the rating curve due to uncertainty. The
USGS collected high-resolution orthoimagery approximately 10 days after the peak of
this flood passed by the RGV gage and the approximate high-water stage is visible in this
aerial imagery. The location of the high-water stage in Boquillas Canyon was estimated
using this imagery and elevations were extracted from a 2012 LiDAR DEM. This DEM
is assumed to adequately represent the elevations of the 2008 water surface because no
flood has reached this stage since the 2008 reset event. There is a significant amount of
uncertainty in the estimated 2008 flood water surface profile and was therefore not used
in the rating curve methods.
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Table B1: Measured Discharges and Water Surface Elevations
*Water Surface Downstream Water
Profile
Surface [m]
†
†
09/21/2008
SR1
1407.3
Estimated
546.86
†
†
09/21/2008
SR2
1407.3
Estimated
546.86
05/08/2016 17:06
SR1
3.0
0.6
None
537.91
10/19/2016 9:33
SR1
24.3
23.6
Partial
538.38
10/20/2016
SR2
22.6
**22.4 – 23.4
Partial
529.45
01/14/2017 16:45
SR1
18.5
17.3
Complete
538.29
01/16/2017
SR2
**16.1 – 61.2
Partial
01/17/2017
SR2
**28.6 – 60.9
Partial
529.93
‡
05/22/2017 16:28
SR1
278.9
Partial
541.24
‡
05/22/2017
SR2
278.9
Partial
~532.64
05/25/2017 19:10
SR1
5.7
3.8
None
538.06
05/27/2017 20:28
SR2
3.5
2.7
Complete
~528.83
*This is classified as: (i) complete – profile surveyed for whole reach, (ii) partial – profile only surveyed
for part of the reach, (iii) estimated – profile was not surveyed directly but estimated by other methods.
**Exact time of discharge unknown so the daily minimum and maximum range at RGV is given.
†
Estimated here means that the elevations were derived from the 2012 LiDAR data and location of the
water surface was visually estimated from the high resolution USGS imagery flown immediately after the
2008 flood.
‡
This discharge value is not the value measured at this exact time, the time given is the time that the flood
peak passed the Boquillas Canyon transducer, this value is the measured peak of the same flood as it passed
the RGV gage several hours before.
Date

Reach

Q [m3/s]

RGV Q [m3/s]

The 1D HEC-RAS model was constructed using a single cross section, essentially
this model was run as a slope-area calculation. Because HEC-RAS requires there to be a
stream length, the stream length was defined as 1 m, where the upstream and downstream
cross sections were identical. The normal depth (i.e. where friction slope = energy slope,
or water surface slope = channel bed slope) was used as the downstream boundary
condition for the 1D calculations with a slope of 0.0005, estimated from the measured
water surface profiles near the cross section and was approximately the same for SR1 and
SR2. Each model run assumes steady, uniform flow for each input discharge.
The 2D flow model was constructed using approximately the downstream 200 m
of the one-meter DEM for each reach. The unstructured grid was delineated for this
portion of the reach and elevation values mapped to the grid. An estimate of the lateral
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eddy viscosity parameter is required for the 2D solver. This value can be estimated using
the formula
𝐿𝐸𝑉 = (0.01 − 0.001) ∙ ℎ̅ ∙ 𝑢̅

(𝐵 − 1)

where ℎ̅ is the reach average water depth and 𝑢̅ is the reach average velocity. A high
value of LEV was input for each initial model run and then was reduced using the model
output of depth and velocity with equation B-1 until the minimum value of LEV that
allowed the model to converge was determined. Constant steady flow was also assumed
for each 2D model run.
The Nikuradse (1950) roughness parameter (𝑧0 ) was used to calibrate the 2D
model, and Manning’s 𝑛 was used to calibrate the 1D model. This parameter was
adjusted within the model to minimize the error between the modeled water surface
elevation and measured water surface elevation (Griffiths et al. 2010, 2014). This
minimization process is done for each reach using a known discharge and known
downstream stage for the reach. The 1D HEC-RAS model uses the Manning equation to
determine friction losses
𝑄=

𝐴 2/3 1/2
∙𝑅 ∙𝑆
𝑛 ℎ

(𝐵 − 2)

where A is the flow area, Rh is the hydraulic radius (or flow area/wetted perimeter), and S
is the water surface slope. The same minimization process was done using the 1D model
except Manning’s 𝑛 was fluctuated. Manning’s 𝑛 was also back calculated from the
measured water surface, discharge, and cross section topography by rearranging the
Manning equation
𝑛=

𝐴 2/3 1/2
∙𝑅 ∙𝑆
𝑄 ℎ

(𝐵 − 3)
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The result of back calculating 𝑛 using equation B-3 gives a roughness value of
0.048 for the SR1 downstream cross section and 0.051 for the SR2 downstream cross
section. However, Manning’s 𝑛 and the 1D framework proved to be much more
inaccurate when recreating measured water surfaces because the roughness is
proportional to depth. This created a scenario where there were multiple solutions to the
model that provided the lowest error between modeled and measured water surfaces. For
this reason, we did not use the results of the 1D model for further stage-discharge
analysis.
The 2D roughness calibration curve for SR1 is shown in Figure B1. This curve
was calculated with a measured discharge to determine the minimum RMSE between
measured and modeled water surface points. The minimum error value represents the best
roughness value for the specific 2D model. Figure B2 shows the dual calibration of
discharge and roughness for SR2, where both variables are adjusted to determine the
minimum error associated with the best discharge and roughness values. The spatial
distribution in grain size varies between two distinct regions, primarily based on
elevation. The active channel (primarily gravel) is much coarser than the fine grained
fluvial deposits above the active channel (primarily sand). Although the optimized
roughness values determined by the model are compareable to measured roughness
parameters, they may not match closely because for each model we assume a constant
roughness for the entire cross section. In reality, the roughness in the active channel may
increase at high stages while the new inundated area above the active channel would have
a much lower roughness. Roughness parameters were not altered with flow because there
were no discharge measurements for most of the modeled discharges.
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Figure B1. Roughness calibration curve for study reach 1 (SR1) that shows the root
mean square error (RMSE) between 40 surveyed water surface elevations and 40
modeled water surface elevations using variable roughness values. The larger, orange
square is the minimum error value that represents the best roughness value for the model.

Figure B2. Roughness and discharge calibration curve for SR2 that shows RMSE
between 10 surveyed water surface elevations and 10 modeled water surface elevations
using variable discharge and roughness values. The larger, red triangle is the minimum
error value that represents the best discharge/roughness value for the model.
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After calibrating the roughness parameters, discharges were modeled for the study
reaches to develop complete stage-discharge rating curves. Because there were a
sufficient number of discharge measurements at lower flows for each reach, we modeled
a flood discharge using a water surface profile surveyed after the May 22nd, 2017
moderate flood. Discharges were estimated using a similar minimization method as the
roughness parameters discussed earlier. Using the constant roughness values and
measured water surface elevations, discharge was varied to determine the discharge that
produced a modeled water surface profile that most closely matched the measured water
surface profile. The discharge calibration curves are shown in Figure B3 for SR1 and
Figure B4 for SR2. The measured and modeled discharges were plotted with the
corresponding stage and a 2nd order polynomial was fit using the least squares method.
The resulting stage-discharge rating curves are shown in Figure B5 for both study
reaches. The 2nd order polynomial fit for SR1 was used to calculate continuous discharge
at the Boquillas Canyon pressure transducer. Because they are close in proximity, the
discharge computed for SR1 was assumed to be representative of the discharge at SR2.
The RMSE between measured and modeled water surface elevations for the May,
2017 flood were less than 0.02 m for both reaches. Although this is considered accurate,
there is increasing uncertainty when using the developed rating curves to estimate
discharges greater than the May 2017 flood because there are no measured values to
constrain estimates. We acknowledge that this introduces uncertainty into our pale-flood
inundation analyses, especially during discharges where much of the bed is mobile. But,
we also assume that at high enough stage, the rating-curve will be defined imovable
bedrock and thus become more stable. At least one of the banks for both reaches used for
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calibrating the rating-curves were bedrock, which creates a more stable stage-discharge
relationship at different flows.

Figure B3. Calibration curve for SR1 used to estimate May 2017 flood discharge using
known water surface elevation (WSE) and a constant roughness parameter estimated
previously. Discharge was adjusted to minimize the difference between measured and
modeled water surface.

Figure B4. Calibration curve for SR2 used to estimate May 2017 flood discharge using
known WSE and a constant roughness parameter estimated previously. Discharge was
adjusted to minimize the difference between measured and modeled water surface.
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Figure B5. Stage-discharge rating curves for SR1 (in blue) and SR2 (in red). The 2nd
order polynomial equations are listed adjacent to each curve. The highest point on each
curve is the modeled discharge while the rest of the points are from direct measurements.

B2: Model parameters used for paleo-flood analysis
For our pale-flood analysis, we estimated inundation profiles for a range of
discharges to determine what deposits were inundated at what flow. Without direct
discharge measurements we relied on a 2D model for SR1 and SR2. The models were
developed using a ~1 m unstructured grid with elevation values derived from our 1 m
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topography. Other parameters required to run the model are a boundary condition, LEV
estimate, and roughness parameter. We used the stage-discharge rating curves developed
in section B1 as the downstream boundary condition for our models. Using these rating
curves allowed us to estimate the stage, or depth of flow, for each ~1 m grid cell for a
given discharge. LEV was estimated in the same way discussed in section B1. However,
because we were building the model for the entire length of each reach, we used a
spatially variable roughness parameter.
To develop the spatially variable 𝑧0 bed roughness parameter we used grain size
data collected in the field. We first separated the active channel area in each reach into
fine-grained and coarse-grained components. Pebble count data was used to characterize
the course-grained portion of the channel, while photographic grain size analysis
provided the distribution of sizes in the fine-grained deposits. Figure B6A shows the
location of pebble counts and sediment photos within SR1; and Figure B6C shows the
𝑘

same for SR2. We calculated the roughness parameter as 𝑧0 = 30𝑠 where 𝑘𝑠 is considered
the effective roughness height. 𝑘𝑠 was estimated for the course-grained component of the
active channel using the relation 𝑘𝑠 ≈ 2.95𝐷84 (Whiting and Dietrich 1990). The 𝐷84
was determined from the pebble counts of gravel on the channel bed and bars within the
reach. We interpolated the 𝐷84 using a polygon, nearest-neighbor approach where each
active channel feature (i.e. bar, pool, riffle) was represented as a polygon and each
polygon was assigned the same 𝐷84 as the nearest pebble count location. If a polygon
spanned multiple pebble counts, a 𝐷84 was determined using the average of all pebble
counts. For fine grained deposits above the active channel, we calculated 𝑘𝑠 ≈ 2𝐷50
(Thompson and Campbell 1979).
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Figure B6. Maps showing the distribution of course- and fine-grained grain size samples
for (A) SR1 and (C) SR2. Also, maps showing the spatially variable 𝑧0 roughness
parameters calculated for (B) SR1 and (D) SR2.
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For SR1, the 𝐷50 of fine-grained deposits was determined by analysis of digital photos of
sand (Buscombe 2013) taken throughout the reach. These point values were then used to
create a continuous surface using natural neighbor interpolation. Each fine-grained
deposit was represented as a polygon derived from our geomorphic maps. The continuous
raster surface created by the natural neighbor interpolation was then used to calculate the
mean 𝐷50 for each fine-grained deposit polygon. We were lacking any grain size
information for fine-grained deposits in SR2; thus, we used a constant 𝐷50 of 0.7mm
(medium sand) for fine-grained deposits above the active channel. Figure B6B and Figure
B6D show the roughness polygons used in the 2D model for SR1 and SR2, respectively.
The 2D model fit for SR1 was better than for SR2. Figure B7 shows a comparison
of measured and modeled water surface profiles for SR1. The fit was good for lower
discharges, with less than 0.1 m difference in the modeled elevations. For the larger flood
the model underestimated the water surface with an RMSE of 0.19 m. This could have
been caused by too low of roughness values for fine-grained deposits. Figure B8 shows
the same comparison for SR2. Only one discharge had an error of less than 0.1 m.
Because the boundary condition was an indirectly estimated stage-discharge
rating curve for both reaches, the reach long 2D models absorb any uncertainty from the
development of those rating curves. The underestimation in SR1 for larger discharges
likely has to do with roughness values, or the influence of riparian vegetation which was
not included in this modeling framework. However, other uncertainties could contribute
to the worse fit for SR2. Because the bathymetry was collected during two different
surveys, floods between January and May of 2017 (including the May 22 flood) could
have altered the bed. This would create problems when trying to model past water
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surfaces that were surveyed before these changes. There is also the same issue of
vegetation influence as well. However, our pale-flood analysis focuses really on the
largest discharges that have never been measured in Boquillas Canyon. Higher discharges
showed a greater modeling error for both SR1 and SR2; however, we consider the effects
of this error less impactful at much larger discharges. When modeling the May 2017
flood, RMSE values were around 0.2 m, which is nearly a 50% error for low flow water
levels. During that flood though, stage reached approximately 4 – 5 m. At this depth, a
RMSE of 0.2 m results in 5% error in depth when modeled. This combined with the
confined environment of Boquillas Canyon allows us to justify this uncertainty and
provides a functional estimate of inundation that appears to be well calibrated.
Additionally, the aerial extent of the modeled water surface for the 2008 reset flood and
the extent of inundation observed in aerial imagery of the flood shows good agreement.
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Figure B7. Graph comparing measured water surface profiles over the length of SR1 for
three discharges. Circles are surveyed water surface elevations and dotted lines are the
modeled water surface for the same discharge. Error values are listed for each discharge.
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Figure B8. Graph comparing measured water surface profiles over the length of SR2 for
three discharges. Circles are surveyed water surface elevations and dotted lines are the
modeled water surface for the same discharge. Error values are listed for each discharge.

